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Abstract 

The heavy sfermion scenario is naturally realized when supersymmetry breaking fields are 
charged under some symmetry or are composite fields. There, scalar partners of standard model 
fermions and the gravitino are as heavy as 0(10-1000) TeV while gauginos are as heavy as 0(1) 
TeV. The scenario is not only consistent with the observed higgs mass, but also is free from cosmo¬ 
logical problems such as the Polonyi problem and the gravitino problem. In the scenario, gauginos 
are primary targets of experimental searches. In this thesis, we discuss gaugino masses in the heavy 
sfermion scenario. First, we derive the so-called anomaly mediated gaugino mass in the superspace 
formalism of supergravity with a Wilsonian effective action. Then we calculate gaugino masses 
generated through other possible one-loop corrections by extra light matter fields and the QCD 
axion. Finally, we consider the case where some gauginos are degenerated in their masses with 
each other, because the thermal relic abundance of the lightest supersymmetric particle as well as 
the the strategy to search gauginos drastically change in this case. After calculating the thermal 
relic abundance of the lightest supersymmetric particle for the degenerated case, we discuss the 
phenomenology of gauginos at the Large Hadron Collider and cosmic ray experiments. 
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I. INTRODUCTION 


Supersymmetry (SUSY) has been intensively studied as a fundamental law of nature 
for following reasons: SUSY reduces degrees of divergences in quantum field theories pQ, 
and hence stabilizes the vast separation between the electroweak scale and the Planck scale 
or the grand unification scale [2H5]. If SUSY is broken by some strong gauge dynamics, 
the smallness of the electroweak scale is explained by dimensional transmutation. In the 
minimal SUSY extension of the standard model (MSSM), three gauge coupling constants 
unify, which is consistent with the prediction of the simplest grand unihed theory (GUT), 
namely the SU{5) GUT [B]. With an R parity preserved, the lightest SUSY particle (LSP) 
is a good candidate of dark matter BE]. 

The discovery of the standard-model-like higgs as heavy as 125 GeV [9l |10] strongly 
constrains the mass spectrum of MSSM particles. In the MSSM, quartic couplings of higgs 
helds are given by D term potentials of standard model gauge interactions in the SUSY 
limit. Thus the mass of the standard-model-like higgs is lighter than the mass of the Z 
boson at the tree level.^ The observed large higgs mass indicates that quantum corrections 
from SUSY breaking effects to the higgs mass are signihcant mHH]. To explain the observed 
higgs mass, soft scalar masses of scalar top quarks are required to be larger than about 3-5 

Tev ng. 

We note that gravity mediated soft scalar masses larger than 0(10) TeV are compatible 
with physics in the early universe. Planck scale-suppressed mediation, where the gravitino 
mass is as large as soft scalar masses, with the gravitino mass larger than 0(10) TeV, is free of 
the constraint from the Big-Bang-Nucleosynthesis even for a high reheating temperature [THT 
[ 22 ]. 

With scalar masses and the gravitino mass larger than 0(10) TeV, one may naively ex¬ 
pect that the LSP mass is also of the same order, which leads to the overproduction of the 
LSP from thermal bath in the early universe.^ However, if SUSY breaking fields are charged 
or composite, gaugino masses are far smaller than soft scalar masses due to an approxi¬ 
mate classical super-Weyl symmetry. Actually, this is the case with many dynamical SUSY 

^ We do not consider the case where the discovered higgs is not the lightest higgs. 

^ If the reheating temperature of the universe is smaller than the mass of the LSP, a correct abundance of 
the LSP can be obtained even if the LSP mass is 0(10) TeV [251129) . 
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breaking models (see e.g. Refs. [30] - [33] b^ It should be noted that SUSY breaking models 
with charged or composite SUSY breaking helds are free from the Polonyi problem [3S1 ES]- 

In this thesis, we consider the SUSY breaking scenario where the gravitino mass is larger 
than 0(10) TeV and SUSY breaking helds are charged or composite, which we refer to as the 
“heavy sfermion scenario”. The PeV SUSY [371 [38], the pure gravity mediation model [39]- 
E], the minimal split SUSY model 1321 and the spread SUSY model [13] belong to this 
scenario. In Sec. [TT| we review the theoretical framework of the heavy sfermion scenario, 
including its cosmology. 

Further, we assume that the Dirac mass term of the higgsino, so-called the p term, is 
also as large as the gravitino mass. Indeed, the fi term as large as the gravitino mass is 
naturally explained if any charges of the up and the down type higgs chiral multiplets add 
up to zero |M H5] (see also Ref. ffl). The heavy sfermion scenario with this origin of the 
fi term is called the pure gravity mediation model [391 - ET] . 

Assuming that the higgsino is heavy, we pay attention to gaugino masses in the heavy 
sfermion scenario. In the heavy sfermion scenario, gaugino masses are at least given by 
the anomaly mediation [13 HE]. The anomaly mediation yields gaugino masses propor¬ 
tional to the gravitino mass and the beta functions of the corresponding gauge coupling 
constants. The LSP is the neutral wino with a mass of 0(0.1-1) TeV for the gravitino mass 
of 0(100-1000) TeV.^ Due to its large (co)annihilation cross-section, the thermal abundance 
of the neutral wino is smaller than the observed dark matter abundance as long as the wino 
mass is smaller than 3 TeV 


Sec. jlllj is devoted to the derivation of the anomaly mediated gaugino mass in the super¬ 
space formulation of supergravity with a Wilsonian effective action [50] . In the superspace 
formulation of supergravity [51], the anomaly mediated gaugino mass in the Wilsonian ef¬ 
fective action invariant under the super-diffeomorphism was not known [521 [53] • This is 
because the graivitino mass, which is the origin of the anomaly mediated gaugino mass, is 
the vacuum expectation value (VEV) of the scalar component of the supergravity multiplet. 
Couplings of the supergraivity multiplet to the gauge multiplet are strongly constrained 
by the super-diffeomorphism invariance. Thus, it is difficult (actually impossible) to write 


^ For a dynamical SUSY breaking model with a singlet SUSY breaking field, see Ref. [M] for example. 
^ If the higgsino threshold correction is large, the bino can also be the LSP. 
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down the anomaly mediated gangino mass in the Wilsonian effective action in a manifestly 
snper-diffeomorphism invariant way. We give a super-diffeomorphism invariant expression 
of the anomaly mediated gangino mass by taking the path-integral measnre into acconnt. 

In Sec. |IV| we discuss the deviation of gangino masses from the prediction of the anomaly 
mediation in the MSSM. In the presence of a flat direction coupling to gauge charged matters, 
gangino masses receive corrections as large as the anomaly mediation Actually, this 
is the case with a KSVZ-type QCD axion [55l |56]. The KSVZ-type QCD axion couples to 
vector-like matter fields charged under the standard model gauge interaction. Thus, gangino 
masses in general deviate from the prediction of the anomaly mediation in the MSSM if the 
KSVZ-type QCD axion exists [57] . 

Gangino masses also receive corrections as large as the anomaly mediation if there are 
vector-like matter fields whose masses are smaller than the gravitino mass [581160] . Actually, 
vector-like matter fields as heavy as the gravitino are predicted in models with an anomaly 
free discrete R symmetry [OH [02] • 

With the above two corrections, the gangino mass spectrum drastically changes. For 
example, the gluino mass can be lighter than the prediction of the anomaly mediation in the 
MSSM, which enhances the detectability of the gluino at the Large Hadron Collider (LHC). 
We pay attention to the case where some gauginos are degenerated in their masses with 
each other, because the thermal relic abundance of the LSP as well as the the strategy to 
search gauginos drastically change in this case. We refer to this region of gangino masses 
as the “gangino coannihilation region”. In Sec. |V| we calculate the thermal relic abundance 
of the LSP in the gangino coannihilation region, and discuss the phenomenology of gangino 
searches at the Large Hadron Collider (LHC) and cosmic ray experiments. 


II. HEAVY SFERMION SCENARIO 


In this section, we review the heavy sferniion scenario. We first review the relation 
between sferniion masses and the observed higgs mass, and show that heavy sfermion masses 
are suggested. Then we discuss the mass spectrum of SUSY particles in the heavy sfermion 
scenario, where SUSY breaking fields are charged or composite fields. As we will see, gaugino 
masses are one-loop suppressed in comparison with soft scalar masses. Finally, we investigate 
the compatibility of the heavy sfermion scenario with cosmology. We show the upper bound 
on the wino mass from the thermal relic abundance of the wino. We also show that the 
gravitino problem and the saxion/axino problem are is considerably relaxed in the heavy 
sfermion scenario. 


A. Higgs mass and scalar mass 


1. Tree level higgs mass 


We first calculate the tree level higgs mass. At the tree level in the MSSM, the potential 
of the up-type higgs Hu = (h+, and the down-type higgs Hd = (h°, is given by 

V{Hu,Hd) = 1 ^) 


[b„ {hlhl - hlhl) + hx.] 


+ T) iK? + I'Ct - rT - \K?f + + hlh-/?, (1) 

where /i, g and g' are the supersymmetric higgsino mass, the soft scalar 

squared masses of the up-type and the down-type higgs, the holomorphic quadratic soft 
mass, the SU{2)l and f/(l)y gauge coupling constants, respectively. 

The minimum of the potential in Eq. Q is calculated in Appendix In this section we 
assume the decoupling limit, where higgs bosons except for the standard-model like one are 
far heavier that the Z boson. Then the standard-model like higgs h is given by 

( 2 ) 

where tan/3 = (h°) / (h^)- The potential of h is given by 


h2, —)■ ^=sin/3 h, —)■ —;=cosB h, 

V2 y/2 


A = tcos^(2/3)(9^ + j'^), 
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FIG. 1: Threshold correction to the quartic coupling. 


where v ~ 246 GeV is the VEV of the higgs h determined by quadratic mass terms. Re¬ 
membering that the mass of the Z boson is given by m| = the mass of h, rrih, 

is given by 

ml = \v^ = cos^(2/?)m| . (5) 

At the tree level, the mass of the standard-model like higgs is lighter than the mass of the 
Z boson, mz = 91.2 GeV. 


2. Quantum correction by SUSY breaking 


The tree level mass of the higgs is bounded from above because the quartic coupling of 
higgs A is given by the D term potential, whose value is restricted by SUSY. SUSY breaking 
effects can raise the quartic coupling through quantum corrections. At the one-loop level, 
corrections are dominated by the following two effects. 

One is the hnite threshold correction involving stops, whose one-loop diagrams are shown 
in Fig. They correct the quartic coupling as m 


AA = 


6 


IGvr^ 


Vt 


l\Xt 


4 m? 


1 iY.r 

192 ml 


-L 777? 

Xt = At- /icot/3, m? = 


( 6 ) 

(7) 


where yt, At, m?^ and m?^ are the top yukawa, the soft trilinear coupling of higgses and 
stops, the soft squared masses of the left-hand and right-hand stops, respectively. Another 
is the running of the quartic coupling. For simplicity, we assume that SUSY particles have 
the same mass and hence the running is determined by the standard model interaction from 
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FIG. 2: Higgs mass for given soft mass scales and tan/3. The The blue band shows the observed 
higgs mass, mn = 125.36 ± 0.8 GeV 


the soft mass scale down to the electroweak scale, 
d . 1 


dln/i 


A = 


167r^ 


12 (A^ - vt + \yl) - A (3/,'^ + 9/) + ^ + 3/;^) 


( 8 ) 


where y is the renormalization scale. The correction in Eq. ([^ should be added at the 
soft mass scale and the renormalization equation (|^ should be solved with the corrected 
boundary condition at the soft mass scale. 

In Fig. we show the higgs mass obtained from Eqs. (6) and (8) with = 

l/ip = MgusY and \At\ -C Mgusv- Here, we have also included the threshold correction 
at the electroweak scale summarized in Ref. [63]. The blue band shows the observed higgs 
mass, rrih = 125.36 ± 0.8 GeV [Mj- It can be seen that rrih — 125.36 GeV is obtained for 
sufficiently large MgusY- For example, for tan/3 = 0(1), the observed higgs mass requires 
^susY > 0(100) TeV. For the recent accurate calculation, see Ref. 


B. SUSY breaking without singlet 

In most of dynamical SUSY breaking models (see e.g. Refs. [3UH33] h SUSY breaking 
helds are charged under some symmetry or are composite helds. We refer to this type of 
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SUSY breaking as “SUSY breaking withont singlet”. In this snbsection, we discuss the mass 
spectrum of SUSY particles expected in SUSY breaking without singlet. 

We denote the SUSY breaking held as Z and assume the following simplest effective 
superpotential, 

lUeff = A'Z + lUo, (9) 

where A is the SUSY breaking scale and lUo is a constant term.^ The gravitino mass 
is given by ^ 7 . 3^2 = ^o/Afpi, where Mpi is the reduced Planck mass. Vanishing of the 
cosmological constant requires that |Ap = ■\/3|’^3/2|Afpi, where we have normalized Z so 
that it is canonical. 

1. Soft squared scalar mass 

Let us hrst discuss soft squared scalar mass terms of chiral multiplets Q* in the MSSM. 
The SUSY breaking held Z in general couples to Q* through the Kahler potential, 

K = Q'Q't + zZ^ + ^Q^Q^^ZZl (10) 

We assume that the SUSY breaking sector couples to the standard model sector only through 
Planck scale suppressed interactions and hence qj is at largest 0(1). The soft squared mass 
term of Q* is given by 

^fj = - 30i) \m3/2\^. (11) 

Thus, in general, the soft squared scalar mass term is as large as the gravitino mass. Among 
MSSM higgses, only the standard model-like higgs is light while other higgses have the same 
mass as large as the gravitino mass. 

We note that generic without any structures induce havor changing neutral currents, 
CP violations and lepton havor violations. For discussions on these issues in the heavy 
sfermion scenario, we refer to Refs. [SSHZT]. 

® When the SUSY breaking field Z have a charge under some symmetry, A has a charge so that the 
superpotential is invariant under the symmetry. That is, the SUSY breaking is associated with the 
breaking of the symmetry. 
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2. /i term and bn term 


In order for the electroweak symmetry to be broken by VEVs of MSSM higgses, the /i 
term must be as large as or smaller than soft scalar mass terms of higgses (see Appendix . 
The origin of the correct magnitude of the fi term is one of the key issues in SUSY model¬ 
building, which is dubbed as the “/r problem”. 

A trivial way to obtain the term is to assume that the combination HuHd has an R 
charge of 2 while is neutral under other symmetries.® Then the /i term of any magnitude is 
allowed. The natural value would be as large as the fundamental scale such as the Plack scale 
and the GUT scale. Indeed, this is the case with the minimal SU (5) GUT model [U 1721171] . 
In the landscape point of view [75H7H], the small /i term may be selected from the landscape 
by the anthropic principle eg- bn = is obtained by the supergravity effect. 

Here, instead of readily adopting the anthropic principle, we show two ways to naturally 
obtain a small fi term. In both cases, the fi term is forbidden by a symmetry and is given by 
the breaking of the symmetry.^ We do not discuss the origin of the smallness of the breaking 
scale in detail here. The smallness is naturally explained, for example, if the breaking scale 
is generated by dimensional transmutation. 

The hrst model assume the Peccei-Quinn (PQ) symmetry [82l [83]. The PQ charge of 
MSSM helds is given in Tab. [Tj With this charge assignment, yukawa couplings are allowed 
while the /r term is forbidden. The /r term is provided by the following coupling to a PQ 
breaking held P with a PQ charge 1/n |84j . 


W D 


pn 

- T^u^d- 


( 12 ) 


For n = 2, the /i term is of 0(0.1-1000) TeV for the PQ breaking scale of O(10^®-10^^) GeV. 
This range is consistent with the lower bound from the burst duration of SN1987A (Ref. [85] 
and references therein) and the “upper bound” from the cosmic abundance of the axion by 
an initial misalignment angle [HSHHEj- 

The bn term is given by the VEV of the scalar component of the supergravity multiplet 


and the F term of P as large as (P) 777 . 3/2 (see Sec. IVB). Both contributions result in the 
bu term of O { 1713 / 2 fi). If /x ^ ^^ 3 / 2 , bn is smaller than the soft squared masses of sfermions. 


® We use a normalization of the R charge where the superpotential has an R charge of 2. 

^ A solution to the problem in this way requires the GUT group to be a product one [SDl |5T] . 
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Hu 

Hd 

n, Q, e 

d,L 

0(1)PQ 

0 

-1 

0 

1 


TABLE I: PQ charge assignment of MSSM fields 


and hence tan/3 is large unl ess cancellation occnrs (see Eq. (A6)). Then the gravitino mass 
mnst be less than 0(10) TeV to explain the observed higgs mass. In this case, however, 
gangino masses discnssed later are too small that it is inconsistent with constraints from the 
LHC. Thns, the /i term mnst be as large as the gravitino mass. 

The second model assnmes the R symmetry. We assnme that the combination HuH^, has 
vanishing charges nnder any symmetries.® Then following terms are allowed in the Kahler 
potential, 

zzt 


K D ciHuHd + C2HuHd 




+ h.c.. 


(13) 


Then the /i and terms are given by 


H = cimy2, = (2ci - 3c2)|m3/2p. 


(14) 


The /i term of 0 ( 7713 / 2 ) can be nnderstood by observing that the chiral higgsino pair has an 
R charge of —2 while the gravitino mass 777 . 3/2 has an R charge of —2. Since bn is as large 


as the soft sqnared mass term, the natnral valne of tan/3 is 0(1) (see Eq. (A6)). Then the 
observed higgs mass reqnires 7 / 73/2 > 0(100) TeV. The /i term can be far smaller than the 
gravitino mass by tnning ci, bnt we assnme a natnral valne, fi ~ 7773 / 2 . 


3. Gaugino mass 

If Z is charged nnder some symmetry, the conpling between Z and a gange mnltiplet 
throngh the gange kinetic fnnction is forbidden becanse the gange kinetic fnnction is nentral 
nnder any symmetries. If Z is a singlet composite held in a dynamical SUSY breaking 

® If Z is a fundamental field with an R charge of 2 and without any other charges, an order one yukawa 
coupling between Z and HuHd in the superpotential is possible. Then higgs helds obtain large vacuum 
expectation values. We assume that Z is a composite field, has an R charge other than 2, or charged 
under non-i? symmetries. 
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model, the following coupling may be possible, 




47rM;+^ 


W^Wa, 


(15) 


where Adm ~ ( 47 r)^/^A is the dynamical scale of the SUSY breaking model. Here, we assume 
that Z corresponds to a composite held composed of n + 1 chiral multiplets. In both cases, 
the tree-level gaugino mass is far smaller than the gravitino mass. 

It was pointed out in Refs. HZIIIH] that the following gaugino mass is generated through 
the conformal anomaly, 

(AM) _ 


M 


2(7^ 


-"^3/2, 


(16) 


where g and are the gauge coupling constant and the beta function of ( 7 ^, respectively. 


The anomaly mediated gaugino mass is derived in Sec. Ill 


At the one-loop level in the MSSM, bino, wino, and gluino masses and 

are given by 


,.{AM) 9i 33 


M. 


(AM) 


92 

Ibvr^ 


m3/2, 


M. 


(AM) 


9l 


Ibvr^ 


3^3/2, (17) 


where gi, g 2 and g^ are the gauge coupling constants of U{1)y, SU{2)l and SU{3)c, re¬ 
spectively. Here, we use the GUT normalization for the U(l)y gauge coupling constant, 
g! = g'\5/3). 

In addition to the anomaly mediation, electroweak gauginos (bino and wino) receive 
threshold corrections from the higgsino via the diagram in Fig. The corrections are 
evaluated as 


= 


(the calculation is the essentially same as the one in Sec. IVA), 

sin 2/5 


91 


2 3 


5 




AMf , 

2 167r2 


9l 


L, 


L = 




In 


m. 


m 


2 ’ 


(18) 



B,W 


FIG. 3: higgsino threshold corrections to masses of electroweak gauginos. 
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FIG. 4: Gaugino (bino, wino, and gluino) masses in the high-scale SUSY breaking scenario of the 
MSSM. 


where is the mass of heavy higgses. The contributions are comparable to those of 
anomaly mediated contributions when fr = 0 ( 171312 ) and tan/3 = 0{1). 

In the MSSM, physical masses of the gauginos Mj are obtained by adding the contribu¬ 
tions in Eqs. ( pT| and (18), and also considering the effect of renormalization group running 
of the masses down to those scales from Msusy, 

dlnMi(p) 


dlnp Svr^ 

Mi(Mi,phys) = 


- bi , (61, 62, ^3) = ( 0 , 6 , 9 ), 


(19) 


In Fig. 1^ the gaugino masses are shown as a function of L assuming the phase of the 
higgsino threshold corrections to be zero (argL = 0), and Msusy = '^ 3/2 = 100TeV. Unless 
the higgsino threshold correction is large, the wino is the LSP. 

The wino LSP is constrained by the disappearing track search at the LHC as M 2 > 270 
GeV [89]. Also, the search for jets with missing energy at the LHC put the constraint on 
the gluino mass, M 3 ^1.4 TeV unless the gluino is degenerated with the LSP. Thus, the 
gravitino mass larger than 0(100) TeV is required, which is consistent with the observed 
higgs mass for tan/3 = 0(1). 


4 . A term 

Let us briefly mention the A term. As is the case with gaugino masses, A term is 
suppressed in SUSY breaking without singlet. However, the A term is generated through 
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the conformal anomaly. For a superpotential W = 2 /Q 1 Q 2 Q 3 , the corresponding A term is 
given by the wave function normalization as mm 



term 



( 20 ) 


which is one-loop suppressed in comparison with the gravitino mass. 

C. Compatibility with cosmology 

We have shown that the gravitino mass of 0(100) TeV is consistent with the observed 
higgs mass and the constraint from the LHC in the heavy sfermion scenario. Here, we 
investigate the compatibility of the large gravitino mass with cosmology. We discuss the 
thermal relic abundance of the LSP, the gravitino problem, and the saxion/axino problem. 
For the compatibility of the large gravitino mass with inflation models, see Refs. [MfllOO] . 

1. Thermal abundance of the wino LSP 

Unless the higgsino threshold correction is large, the wino is the LSP. The neutral and 
the charged wino masses degenerate with each other at the tree-level. Through quantum 
corrections by electroweak interactions, the neutral wino becomes lighter than the charged 
wino by ~ 170 MeV [TTITlfTnb] . 

The thermal abundance of the neutral wino LSP has been calculated in Ref. |19], including 
the coannihilation between the charged and the neutral wino as well as the Sommerfeld effect 
(see Sec. |V]). In Fig. we show the thermal abundance of the wino for a given wino mass. 
The blue band shows the observed dark matter abundance by the Planck experiment jlU6j . 
For M 2 ~ 3.1 TeV, the thermal abundance of the wino is consistent with the observed dark 
matter abundance. 

In the present universe, the neutral wino annihilates into a pair of W bosons at the tree 
level and a pair of photons at the one-loop level. The former mode yields gamma-rays, 
positrons and light elements with spread spectra while the latter yields gamma-rays with a 
line spectrum. For the wino search with cosmic-rays, see Refs. [1T1ITII71ITU5]. 
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Ma/GeV 

FIG. 5: Thermal abundance of the wino for a given wino mass (see Sec. 0 - The blue band shows 
the observed dark matter abundance by the Planck experiment. 


2. Gravitino problem 

Let us consider the production of the gravitino from thermal bath in the early universe. 
Since the gravitino interacts with MSSM particles through higher dimensional interactions, 
the production of the gravitino from thermal bath is more efficient for higher temperature. 
Therefore, the number density of the gravitino is determined by the reheating temperature 


n3/2 

s 


~ 2.3 X 10 X 


^RH 

109 GeV’ 


( 21 ) 


where s it the entropy density and we have used the approximation that gaugino masses are 
far smaller than the gravitino mass. 

The produced gravitino eventually decays into the LSP. The abundance of the LSP pro¬ 
duced in this way is given by 

(..(grav), 2 _ ^LSP ^3/2 _ ^ ^ ^LSP pRH 

3.6x10-9 GeV s ‘ 900 GeV 2 x 109 GeV 



It is known that the thermal leptogenesis [109] requires the reheating temperature larger 
than about 2 x 109 GeV [1101 llllj . Then, the thermal leptogenesis puts an upper bound on 
the mass of the LSP, mLSP ~ 1 TeV. 

Next, let us discuss the constraint from the Big Bang Nucleosynthesis (BBN). The grav¬ 
itino decays with a rate P 3/2 — 127713 ^ 2 /( 327 rMpj), where we have assumed that sfermions 
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and the higgsino are heavier than the gravitino.® The lifetime of the gravitino is given by 

r 3 /. = r-‘ =0.06 sec (23) 

Note that the gravitino dominantly decays into the glnino and the glnon. In this case, if 
the lifetime of the gravitino is longer than abont 0.1 sec, decay prodncts of the gravitino 
hadronically interact with light elements and hence spoil the snccess of the BBN [20] • For 
^ 3/2 ~ 100 TeV, the constraint from the BBN is absent. 

3. Saxion/axino problem 

In the heavy sfermion scenario, the saxion/axino problem is relaxed. In general PQ 
mechanisms, there is a psendo-Nambn-Goldstone boson a associated with the spontaneons 
breaking of the PQ symmetry, which is called the axion. The axion conples to the Pontryagin 
density of the QCD throngh the anomaly of the PQ symmetry. The strong dynamics of the 
QCD generate the potential of the axion. At the minimnm of the potential, the 6 angle of 
the QCD vanishes, which solves the strong CP problem [S^ |S31 111211113] . 

In SUSY models, the axion is associated with a light scalar s called the saxion and a 
light fermion d called the axino. a, s and d form a chiral mnltiplet, which we refer to 
as the axion mnltiplet A. The saxion and the axino are as light as the gravitino. Then 
their dynamics in the early nniverse canse varions problems. Here, we discnss two problems 
which are important for m ^/2 ^ TeV. For a rigorous discussion on generic gravitino masses, 
see Ref. m and references therein. 


Dark radiation from saxion 

The saxion produced in the early universe in general decays into the axion at the tree 
level through the Kahler potential, 

KDiA + A^f/fa, (24) 

where fa is the decay constant of the axion. Here, we identify the imaginary part of the 
lowest component of A as the axion. The axion produced in this way has a large momentum 

® Inclusion of the decay into sfermions and higgsino does not change the following discussion. 
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and hence works as radiation. The extra radiation component, which is called the dark 
radiation, changes the expansion history of the universe and hence is constrained e.g. by the 
BBN, the cosmic microwave background and the structure formation. 

There are two sources of the saxion production in the early universe. One is the coherent 
oscillation of the saxion. The mass of the saxion is given by SUSY breaking, which is 
dominated by an inflaton sector and the SUSY breaking sector during and after inflation, 
respectively. Thus, the minima of the saxion potential during and after inflation are in 
general different and typically separated by the decay constant of the axion. The saxion 
starts its oscillation with an initial amplitude Sj ~ fa as the Hubble scale of the universe 
becomes comparable to the mass of the saxion ms- Assuming that the inflaton decays after 
the saxion starts its oscillation, the energy density of the saxion before it decays is 

-1 2 / r \ 2/_\2 


- ) = vT, 




= 2.2 X 10"®GeV 


T, 


RH 


fa 


109 GeV V IQio GeV 


(25) 


The other source is the thermal scattering. The saxion interacts with thermal bath with 
a rate 


r^,th ^ 


q,3 2^3 

Wx(n» + n,)-4xl0-«^. 


(26) 


where Ug and Uq are the thermal number density of the gluon and the quark. The saxion is 
in thermal bath if the interaction rate is sufficiently larger than the Hubble rate, that is, 

2 

= Td- (27) 


T > 5 X 10® GeV 


fa 


^1011 GeV 

The energy density of the saxion before it decays is 


th 


1 GeV (^) 

2 X 10-“ GeV 


(Trh > Tj 


Dj 


(lOi/cev) < ro). 


(28) 


TeV 10» GeV 

The constraint on the dark radiation is conventionally expressed by the effective neutrino 
number dehned by 

41 


Prad(71y) 


7 


■L /V 


T 


Py(Tj), 


(29) 


where prad, Pj, Tg_ and Ty are the energy density of the total radiation, the photon, the 
temperature of the neutrino and the photon, respectively. The standard cosmology predicts 
Neff — 3 and the deviation AN^ff is constrained. 
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As the saxion dominantly decays into the axion, ANes is given by 

^ ~ 0.3^?,,(T,)-^AiVeffT„ (30) 

s 

where g^:s is the effective degree of freedom of the entropy density and is the temperature 
at which the saxion decays, 

T, ~ 0.3 X r, (31) 

We adopt the limit ANes < 1 by the Planck experiment |106] . 


LSP overproduction from axino 

The axino is produced from thermal bath and eventually decays into the LSP. If the 
temperature at which the axino decay T^, 


Ta — 0.3 X \/PaTfpi, 


ml 

2567r2 /2 ’ 


(32) 


is smaller than the freeze-out temperature of the LSP, ~ mLSp/20, the LSP produced in this 
way contributes to the dark matter density. 

The number density of the axino produced from thermal bath is given by |115[ IllOj 

fa 


= 2 X in-5 
s 108 GeV V 1012 GeV 


-2 


(33) 


Here, we assume that the axino is not in thermal bath (T^u^Td). Otherwise, the LSP 


produced from the axino over-closes the universe. From Eq. (33), the abundance of the LSP 
is given by 


Q(axino)7 2 _ ^Lsp rig 

LSP “ 3.6 X 10-9 GeV s ' 


(34) 


In Fig. 1^ we show the upper bound on the reheating temperature for a given gravitino 
mass and the axion decay constant. Here, we assume that rris = rria = 'U 7 . 3/2 and uilsp = 1 
TeV. In the blue-shaded region, the saxion produces too much dark radiation. In the red- 
shaded region, the axino over-produces the LSP. It can be seen that the constraint is weaker 
for larger gravitino masses. This is because the saxion and the axino decay faster for larger 
masses. For example, for fa ~ lOi® GeV and ^ 3/2 ~ 100 TeV, the saxion/axino problem is 
absent. 
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FIG. 6: The upper bound on the reheating temperature for a given gravitino mass and the axion 
decay constant. In the blue-shaded region, the saxion produces too much dark radiation. In the 
red-shaded region, the axino over-produces the LSP. 
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III. ANOMALY MEDIATED GAUGING MASS 


This section is based on Ref. [50] : 

Keisuke Harigaya and Masahiro Ihe, “Anomaly Mediated Gaugino Mass and Path- 
Integral Measure,” Phys. Rev. D 90, 043510 (2014), Copyright (2014) by the American 
Physical Society. 

V_y 

Anomaly mediated gaugino mass jlT] 08] is the essential ingredient of the heavy sfermion 
scenario. In this section, we derive the anomaly mediated gaugino mass in the superspace 
formalism of supergravity with a Wilsonian effective action. For instructive discussions on 
the anomaly mediation, we refer to Refs. [sm fTTTHT^ . 


A. Approximate super-Weyl symmetry in classical action 


Before discussing the anomaly mediated gaugino mass, let us hrst clarify the gaugino 
mass expected in the local supergravity action at the classical level.In our discussion, 
we concentrate ourselves on a situation where SUSY is dominantly broken by some charged 
helds under some symmetries or by some composite helds. Otherwise direct interactions 
between the SUSY breaking fields and gauge multiplets lead to the “tree-level” gaugino 
mass of the order of the gravitino mass, m 3 / 2 - Under this assumption, direct interactions 
between the SUSY breaking fields and the gauge supermultiplets are suppressed at least by a 
second power of the Planck scale, and hence resultant gaugino masses from those interactions 
are negligible. By the same reason, we also assume that no SUSY breaking held obtains a 
VEV of the order of the Planck scale. 

Once we assume that gaugino masses from couplings to the SUSY breaking sector are 
highly suppressed, remaining sources of gaugino masses are couplings to the supergravity 
multiplets. As is well known, however, gaugino masses from tree level interactions to the 
supergravity multiplets are also suppressed in spite of the apparent F-term VEVs of 0 {m^/2) 


Here, we assume that the classical action consists of local interactions. If the classical action is allowed 
to be non-local, an arbitrary gaugino mass of 0 (m^/ 2 ) can be introduced by using the non-local term in 
Eq. (771 without conflicting with the super-diffeomorphism invariance. 

These assumptions also eliminate contributions to gaugino masses from the Kahler and sigma-model 
anomalies (see Refs. [11711122] and Appendix [E|) . 
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in the supergravity multiplets. As we shortly discuss, the absence of 0 ( 1713 / 2 ) gaugino masses 
from the supergravity multiplets is due to an approximate super-Weyl symmetry, which is the 
key to understand the origin of the anomaly mediated gaugino mass in the next subsection. 
For the time being, we restrict ourselves to the gaugino mass generation in a U{1) gauge 
theory with a pair of vector-like matter helds. 


1. Classical supergravity action 


In this thesis, we follow the notation and the formulation in Ref. [HI] (see Appendix [B|), 
except for the notation of complex conjugate (we use f) and for the normalization of gauge 
supermultiplets that we adopt in Ref. |125] . For a simple model with charged chiral mul¬ 
tiplets Q and Q, and a U{1) gauge multiplet V, the classical supergravity action is given 
by, 


C 


Mp2 j d^e 2£ ^ (Pt2 _ 8R) exp 


K 


3M2 


+ 


K = + Q^e-^^Q + ■ ■ ■ , RA = 


^ J d20 2^kF“fF„ + h.c., 


(35) 


where 0“, S, V^, R, K, and g are the chiral fermionic coordinate, the chiral density, the 
superspace covariant derivative, the superspace curvature, the Kahler potential, and the 
gauge coupling constant, respectively. Here, we have assumed that the chiral multiplets Q 
and Q are massless. By expanding with respect to the chiral multiplets, we can extract 
relevant interactions, 

-Ckin,matter = -^jd^Q2£ - 8R) {Q^ 6 ^^ Q + 6 -^^ Q) + h.C , (36) 

>Ckin,gauge = j 2^ + h.C. , (37) 

from which we can extract gauge interactions and kinetic terms. Other interactions are 
suppressed by the Planck scale. 

Now, let us expand kF", S, and R in terms of component helds; 


VF“ = -2iA" + --- , 

28 = e{l - M*e^) + ■ ■ ■ , 

R = -Im- -|Mp02 + ... . (38) 

6 9 
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Here, A", e, and M are the gaugino, the determinant of the vielbein, and the anxiliary 
scalar component of the snpergravity mnltiplet, respectively. Ellipses denote terms which 
are irrelevant for onr discussion on the gaugino mass. The auxiliary held M is hxed by the 
equation of motion as 


M* = -31713/2 , 


(39) 


where we have omitted contributions from F terms of SUSY breaking helds which are 
negligible under the assumption we have made at the beginning of this section. 

Since the chiral density S has a non-vanishing 0^ term, it might look non-trivial why a 


gaugino mass of 0 ( 1713 / 2 ) does not appear from the interaction in Eq. (37).^^ In the rest 


of this section, we show that the absence of the gaugino mass in the classical action is 
understood by an approximate super-Weyl symmetry. 


2. Approximate super-Weyl symmetry 


Let us consider the super-Weyl transformation parameterized by a chiral scalar S (see 
Ref. [5l] and Appendix 

= 6ST + ^ , 

5swR = -4SR - i (Pt2 _ SR) St - , 

= -3S1U“ + --- , 

<5swQ = wSQ - , 

sa ^ Qa 1^221 - S) I + 02T)“S| , (40) 


where ellipses denote terms which are irrelevant for our discussion. X\ denotes the lowest 


component of a superheld X. 


A parameter w is the Weyl weight of 


From Eqs. (38) and (40), the transformation 


^2 Technically speaking, the contribution from the 0^ term cancels with the contribution from M in Wa; 
Wa is given by covariant derivatives of V and hence the supergravity multiplet is included in Wa ■ 

In this thesis we define an infinitesimal transformation of a superheld X \iy X' = X — 8X. 

If Q is not a chiral scalar but a chiral density with a density weight w, the super-Weyl transformation is 
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laws of e, M and A" are given by 


— 4 (S + |e, 

5swM 


(5sw-^“ 


= -2(2S-S'^)|M + 
= -3S|A“. 


( 42 ) 


From the transformation laws of the component helds in Eq. (42), it is clear that the 
possible origin of a gangino mass of O{ 7113 / 2 ), 


d^xeM^AA, 


(43) 


is not invariant nnder the snper-Weyl transformation. This shows that the gangino mass is 
generated only throngh terms which break the snper-Weyl symmetry. 


As we immediately see, the kinetic term of the gange mnltiplet in Eq. (37) is invariant 


nnder the snper-Weyl transformation, and hence, does not contribnte to the gangino mass. 


Higher dimensional terms omitted in Eq. (35) are, on the other hand, not invariant nnder 


the snper-Weyl transformation. Contribntions from snch terms to the gangino mass are, 
however, at the largest of 0{m‘^/2/Mpi), and hence are negligible. Altogether, we hnd that 
there is no gangino mass of 0 ( 7713 / 2 ) originated from conplings to the snpergravity mnltiplets 
dne to the approximate snper-Weyl symmetry. 


For later convenience, let ns also note that the terms of massless matter helds in Eq. (36) 


are also invariant nnder the snper-Weyl symmetry. That is, for lu = —2, it can be shown 
that 

<5sw - 8R) (gtg)) = -6E {V^ - 8R) {Q^Q) 8R) {Q^Q)) . (44) 


From Eqs. (40) and (44), terms in Eq. (36) are invariant nnder the snper-Weyl transforma¬ 
tion. 


given by, 


^swQ = wT.Q- S^^^Q + wQ^S^ 


50" 


50 ° 


( 41 ) 
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The term in Eq. (431 is invariant under the it-symmetry and the dilatational symmetry parts of the snper- 


Weyl symmetry, which are parameterized by the lowest component of E. Thus, the gaugino mass from 
the couplings to the supergravity multiplets cannot be forbidden by the it-symmetry nor the dilataional 
symmetry. 
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Finally, let us stress that interaction terms of the gauge supermultiplets which are un¬ 


suppressed by the Planck scale is uniquely determined to the form of Eqs. (36) and (37) by 
the super-diffeomorphism invariance and by the gauge invariance. Thus, one may regard the 
approximate super-Weyl symmetry as an accidental one. Due to this accidental symmetry, 
the gaugino mass of 0 ( 1713 / 2 ) is suppressed at the classical level. 


B. Anomaly of the super-Weyl symmetry and Gaugino Mass 

In the last subsection, we have shown that no gaugino mass of 0 ( 1113 / 2 ) is generated 
through couplings to the supergravity multiplets even though the chiral density has a non¬ 
zero F term, due to the approximate super-Weyl symmetry. However, the approximate 
super-Weyl symmetry is in general broken by quantum effects. In this subsection, we inves¬ 
tigate effects of quantum violation of the approximate super-Weyl symmetry by Fujikawa’s 
method |126j in a Wilsonian effective action. 


1. Wilsonian effective action 


To discuss quantum effects on the super-Weyl symmetry, we take the local classical ac¬ 


tion in the previous section (Eq. (35)) as a Wilsonian effective action with a cutoff at the 
Planck scale. Here, let us remind ourselves that effective quantum held theories suffer from 
ultraviolet divergences, and hence, they are well-dehned only after the divergences are prop¬ 
erly regularized. In our arguments, we presume an ultraviolet regularization such that the 
“tree-level” action at the cutoff scale is manifestly invariant under the super-diffeomorphism 
and the gauge transformations. We refer to this super-diffeomorphism invariant tree-level 
action at the cutoff scale as the Wilsonian effective action.^® 

The Wilsonian effective action in general includes higher dimensional interactions than 


those in Eq. (35) suppressed by the cut off scale. As we have discussed, however, contribu¬ 
tions from those terms to the gaugino mass are highly suppressed by the cutoff scale and 
hence negligible. One concern is whether non-local interaction terms appear in the Wilso- 


Although we fix the cutoff scale to the Planck scale for a while, the following discussion is essentially 
unchanged as long as the cutoff scale is far larger than the gravitino mass. We also discuss effects of the 
change of the cutoff scale later. 
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nian effective action at the cutoff scale, which could lead to the gaugino mass of 0 ( 7713 / 2 ). In 
our argument, we presume that such non-local interactions do not show up in the Wilsonian 
effective action, which is reasonable because we are dealing with effective held theories after 
integrating out only ultraviolet modes. 

2. Super-diffeomorphism invariance 

In the above dehnition of the super-diffeomorphism invariant theory, there is a missing 
ingredient, the measure of the path-integral. As elucidated in Ref. |126] . the path-integral 
measure plays a crucial role in treating quantum violations of symmetries. Moreover, the 
dehnition of the “tree-level” interactions in the Wilsonian ehective action depends on the 
choice of the path-integral measure, which we will encounter shortly. To clarify these issues, 
let us hrst discuss which path-integral measure we should use in conjunction with the “tree- 
level” Wilsonian action. 

Under the inhnitesimal (chiral) super-diheomorphism transformation,^^ Q and S trans¬ 
form as 


Q ^ Q' = Q - <d)dMQ , 

S^S' = Q)dMS - i-)^ {dMV^^ {x, 0)) , (45) 

where M = {m,a) denotes the indices of the chiral super coordinate (a;™,0"), r/^(a;, 0) 
parameterizes the super-diheomorphism, and (—)^ = (1, —1) for M = {m,a). As is shown 
in Appendix naive path-integral measures of chiral helds are not invariant under the 
super-diheomorphism due to the anomaly of the gauge interactions, i.e. 

[DQ] ^ [DQ'] ^ [DQ] , [DQ] ^ [DQ'] ^ [DQ] . (46) 

Instead, anomaly free measures are given by 

[D{2£f^Q], [D{2£f^Q]. (47) 


In the formulation given in Ref. m, gauge symmetries are fixed except for the diffeomorphism invariance, 
the local Lorentz symmetry and the supergravity symmetry. Thus, r]^ is restricted so that it parameterizes 
only the diffeomorphism and the supergravity transformation. We retain the word “super-diffeomorphism” 
to simplify our expression. The word “super-diffeomorphism” used in Appendix on the other hand, 
refers to the full super-diffeomorphism. 





For a later purpose, we define weighted chiral helds Qdis = (Qdiff = 

which are no more chiral scalar helds but chiral density helds with density weights 1/2. 

In our discussion, we take the super-diheomorphism invariant Wilsonian ehective action. 
Therefore, in order to obtain a super-diheomporphism invariant quantum theory, we in¬ 


evitably use the super-diheomorphism invariant path-integral measure in Eq. (47). If we use 


diherent measures instead, we need to add appropriate super-diheomorphism variant counter 
terms to the tree-level Wilsonian action so that the super-diheomorphism is restored in the 
quantum theory. 

3. Anomaly of the super- Weyl symmetry 


Once we choose appropriate path-integral measures for the charged helds, we can now 
discuss quantum violation of the super-Weyl symmetry. Here, since we are interested in the 
gaugino mass, we only look at the breaking of the super-Weyl symmetry by the anomaly of 
the corresponding gauge interaction. 


Before proceeding further, let us comment on a technical point. As in Eq. (40), the super- 


Weyl transformation is accompanied by a super-diheomorphism parameterised by S'", so 
that the super-Weyl transformation is expressed in terms of the component helds dehned in 
the chiral superspace spanned by (x, 0). The accompanied super-diheomorphism, however, 
makes it complicated to discuss the quantum violation of the super-Weyl symmetry. To avoid 
such a complication, we only consider a subset of the super-Weyl transformation where S 
has only an F-term, i.e. 


E(i,e) = /we", 


(48) 


Here, / is an arbitrary function of the space-time. Under this restricted super-Weyl transfor¬ 
mation, we hnd S'" = 0, and hence, no super-diheomorphism is accompanied. We refer this 
type of the super-Weyl transformation as an “F-type” super-Weyl transformation. It should 
be noted that the F-type super-Weyl transformation is sufficient to forbid the gaugino mass 


in the discussion of Sec. HI A In the followings, we concentrate on the anomalous breaking 
of the F-type super-Weyl symmetry. 


Now let us examine the invariance of the path-integral measures in Eq. (47) under the F- 


type super-Weyl transformation. Under the transformation, Qdis and Qdis are not invariant 
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but transform by 


Qdiff — Q —)■ Qjjg — e ^Qdiff , Qdis — Q —)■ — e ^Qdis • (49) 


Here, we have used the fact that the super-Weyl weight of the massless chiral helds are —2 so 


that the kinetic term of the chiral helds in Eq. (36) is invariant under the super-Weyl symme¬ 
try. Thus, due to the Konishi-Shizuya anomaly ina. we hnd that the super-diffeomorphism 
invariant measure is not invariant under the F-type super-Weyl transformation. Instead, 
the F-type super-Weyl invariant measures are given by 


[FQsw] = [D {2£f^ Q] = [D (2^)"'/® Qdifr] , (50) 

[FQsw] = [D {2£f^ Q] = [D Qdifr] , (51) 


where Qsw and Qsw are invariant under the the F-type super-Weyl transformation. Here, 
the weighted chiral superhelds Qsw and Qsw have density weights 1/3. 

It should be commented that the component helds of Qsw (Qsw) dehned by 

Qsw = -h V^0XQg^-h 0^FQg^] , (52) 


have canonical kinetic terms, in a sense that kinetic terms does not contain the supergravity 
multiplets in the hat limit: For a generic chiral scalar superheld, X = A + V2Qx + 0^F, 
the chiral projection of its complex conjugate is given by 


- 8 R) = -AF* + -MA* + 0“ -4iV2a^dmX^ 

3 

+02 -id^A* --M*F* + -A*\M\^ 

3 9 


+ • • • , 


(53) 


where the ellipses denote higher dimensional terms. Then, by remembering that the com¬ 
ponent helds of Qsw are related to those of Q via 


Q — (^^Qsw + -) 


(54) 


we hnd that the kinetic terms of the component helds of Qsw are canonical and decouple 
from Therefore, it is appropriate to identify the component helds of Qsw as the 


In terms of the component fields of Q, M does not decouple from the kinetic term and mixes with the 
scalar fields via, M*FqAq as well as |+Qp|Mp terms. 
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component fields of the corresponding chiral held in the rigid SUSY/® 

Qrigid SUSY = ^Qsw + + ^‘^FQsw ’ (55) 

with 6 being the fermionic coordinate of the rigid superspace. 

4- Gaugino mass in the Wilsonian effective action 

As we have discussed in the previous section, the gaugino mass vanishes if the F-type 
super-Weyl symmetry is preserved, and it is generated only through violations of the F- 
type super-Weyl symmetry. As relevant terms of the gauge supermultiplet preserve the 
super-Weyl symmetry, the gaugino mass appearing in the super-diffeomorphism invariant 
“tree-level” Wilsonian action is highly suppressed. 

The approximate F-type super-Weyl symmetry is, however, anomalously broken by the 
super-diffeomorphism invariant measure [DQ^\ff\. To read off the gaugino mass from this 
violation, it is transparent to change the path-integral measure to the F-type super-Weyl 
invariant measure, [FQgw], so that the super-Weyl variance is apparent in the corrected 
“tree-level” Wilsonian action. In fact, the change of the measures from [FQdiff] to [DQsw] 
is accompanied by the Konishi-Shizuya anomaly |127j .^® 

[DQ^m\[DQe,E][DQ\^][DQ\^] = [DQsw][DQsw][DQI^][DQI^] x e^p[tAS], 

AS = —^x [ d^xd20 2^1n(2T)^/®W“WA + h.c. .(56) 
16 27r^ J 

Accordingly, the “tree-level” Wilsonian effective action which should be taken in conjunction 
with [FQsw] is given by. 


S = SsD +AS . 


( 57 ) 


Here, Ssd denotes the super-diffeomorphism invariant local Wilsonian effective action dis¬ 
cussed above. Without surprise, AS is not invariant under the super-diffeomorphism, which 
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Here, we have neglected higher dimensional terms. If we take them into account, we need to perform a 
Kahler-Weyl transformation to achieve the canonical normalisation in the Einstein frame. 

The identity in Eq. (56) is not quite correct. In general, AS involves higher dimensional terms suppressed 
by the cut off of the Wilsonian effective action. However, such higher-dimensional terms are negligible. 
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measure 

action 

gaugino mass 

[DQdm] 

SD, -SW 

SD, SW 

hidden in the measure 

[DQsw] 

SW 

-SW 

apparent in the action 


TABLE II: Properties of two path-integral measures. Here, SD and SW denote the super- 
diffeomorphism and the E-type super-Weyl invariances, respectively. Cancel lines denote non¬ 
invariances. 

cancels the anomalous breaking of the super-diffeomorphism invariance by [DQsw]- We 
summarize properties of the measures in Table. |lll^^ 

Armed with a correct “tree-level” Wilsonian action along with the super-Weyl invariant 
measure, we can now read off the gaugino mass directly from the local term in the action, 
AS, which leads to 

where X\q 2 denotes the 0^ component of a superheld X. This gaugino mass reproduces the 
anomaly mediated gaugino mass given in Refs. gziiis]. In this way, we hnd that the anomaly 
mediated gaugino mass can be read off from the super-diffeomorphism non-invariant term 
AS in the superspace formalism of supergravity. 


5. Radiative corrections from path-integration 

So far, we have hxed the Wilsonian scale to Mpi and have not performed any path- 
integration. Here, let us discuss effects of the path-integration. After integrating out modes 
above a scale A(< Mpi), the Wilsonian effective action at A is again given by the form 


of Eq. (57), with renormalized coefficients and higher dimensional operators suppressed not 


only by Mpi but also by A. Due to the presence of cutoff scales, the super-Weyl symmetry in 


Throughout this thesis, we presume the regularization scheme of the path-integral measure which repro¬ 


duce the Konishi-Shizuya anomaly in the form in Eq. (56). In the dimensional regularization/reduction, 
on the other hand, the change of the path-integral measures is not accompanied by the rescaling anomaly, 
while the approximate super-Weyl symmetry is explicitly broken by the relevant interactions which even¬ 
tually leads to a consistent gaugino mass m- 

In this thesis, we concentrate on the anomaly mediated gaugino mass at one-loop level. 
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the Wilsonian action at the scale A is hardly preserved. As we have discussed, however, the 
relevant terms of the matter and the gauge supermultiplets have an approximate super-Weyl 
symmetry accidentally due to the super-diffeomorphism invariance. Therefore, radiative 


corrections do not generate the gaugino mass term beyond the one in Eq. (58) up to A or 
Mpi suppressed corrections. 

It should be also noted that, among various corrections, the ones from diagrams which 
involve Planck suppressed interactions lead to higher dimensional operators suppressed at 
least by a single power of Mpi in the effective action at A.^^ Effects to lower dimensional 
operators through ultra-violet divergences are renormalized by the shifts of the corresponding 
operators nai. Visible effects of higher dimensional operators only show up through higher 
dimensional operators even in the effective action at A. 

Concretely, radiative corrections from loop diagrams involving gravity supermultiplets (in 
particular gravitinos with small momenta to flip the chirality) may lead to higher dimensional 
operators such as |M|"'M*AA (n > 0) suppressed only by Mp[A"'“^. Such diagrams involving 
the gravitinos however damp for A ^ ^ 3 / 2 - Therefore, they contribute to the gaugino mass 
at most of 

From these arguments, we see that higher dimensional operators which are suppressed by 
not Mpi but only by A in the Wilsonian effective action at the cutoff scale A are generated 
only from relevant interactions of the matter and gauge supermultiplets. Such effects can 
be properly taken care of within the renormaizable effective theory of the matter and the 
gauge supermultiplets with softly broken SUSY. 

Let us emphasize again that the super-diffeomorphism violation is not arbitrary in the 
Wilsonian effective action at A, although the super-diffeomorphism invariance is broken by 
[iAQsw]- The super-diffeomorphism violation in the Wilsonian action is uniquely given by 
AS at each Wilsonian scale, so that the super-diffeomorphism is preserved in the quantum 
theory. Thus, the accidental approximate super-Weyl symmetry which is the outcome of 
the super-diffeomorphism invariance is justihed even after performing path-integration. 

Putting all together, we hnd that the anomaly mediated gaugino mass can be extracted 


If there are ultraviolet divergences which are cancelled only by non-local terms, Mpi suppressed interac¬ 
tions could lead to higher dimensional operators suppressed not by Mpi but only by A at the cutoff scale A. 
The Bogoliubov-Parasiuk-Hepp-Zimmermann prescription |128II130] shows that ultraviolet divergences in 
general can be renormalized away by local terms. 
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from the super-diffeomorphism non-invariant local term in the Wilsonian effective action at 
the scale A 3> ^ 0 , 3/2 in the superspace formalism of the supergravity. Radiative corrections 
to the gaugino mass operator are dominantly given by relevant interactions of the matter 
and the gauge supermultiplets. Therefore, once we extract a gaugino mass at some high 
cutoff scale, we can use the gaugino mass as the boundary condition of the renormalization 
group equation at A in the low-energy effective renormalizable supersymmetric theory with 
soft SUSY breaking. 


6 . Decoupling effects of massive matter 


Before closing this section, let us consider the contribution to the gaugino mass from 
charged matter multiplets with a supersymmetric mass m far larger than 7 / 13 / 2 , 

-^mass = j 2£ mQQ+ h..c. . (59) 

If the cutoff scale of the Wilsonian effective action is far above m, the mass m is negligible 
in comparison with the kinetic term and hence the above discussion holds. When the 
cutoff scale is below m, the mass term dominates over the kinetic term. In that situation, 
the approximate super-Weyl symmetry is such that the mass term is invariant.This 
observation leads to the Weyl weights of —3 for Q and Q, i.e. 5sw,massiveQ = —BSQ + • • •, 
and hence, the super-Weyl invariant measures of the massive matter are given by 

[-DQsW, massive] = [D Q] , [T^QsW, massive] = [D {28)^^“^ Q] , (60) 


which coincide with the super-diffeomorphism invariant measures in Eq. (47). Thus, be¬ 


low the scale m, the approximate super-Weyl symmetry is well described by the super- 
diffeomorphism invariant Wilsonian effective action, i.e. AS = 0, and hence, no anomaly 
mediated gaugino mass term appears up to OirrS^i^jm) contributions. This argument re- 
conhrms the insensitivity of the anomaly mediated gaugino mass to ultraviolet physics |1H] . 

If m is close to 7 / 13 / 2 , the decoupling does not hold in general. The Wilsonian effective 
action below the mass threshold of Q and Q includes terms suppressed only by /n, which 


In the Pauli-Villars regularization, the anomaly mediated gaugino mass is understood by the difference 
of super-Weyl invariant measures between massive Pauli-Villars fields and massless matter fields (see 


Sec. 


IIIB7). 
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might contribute to the gaugino mass as large as Oini^i^/m). Integration of Q and Q 
should be performed explicitly, as is the case with the higgsino threshold correction in the 

MSSM ng. 


7. Anomaly mediation a la Pauli-Villars regulalization 


Here, we show how our method to extract the gaugino mass works in the Pauli-Villars 
regularization |132] . In the Pauli-Villars regularization scheme, we introduce Pauli-Villars 
helds, a pair-of fermonic chiral scalar multiplets P and P with a unit charge, and give them 
a supersymmetric mass term A which corresponds to the cutoff scale; 


C= / d^e2fAPP + lLC. . 


(61) 


As we discussed in Sec. IIIB it is convenient to use the F-type super-Weyl invariant measure, 
[DQsw ], to extract the gaugino mass from the Wilsonian action. If we also take the measure 
of the Pauli-Villars helds to be [DPsw]) however, the counter terms associated with the 
change the measures are cancelled due to the opposite statistic of the Pauli-Villars helds. 
Thus, in this case, the F-type super-Weyl invariant measure does not invoke the counter 


term in Eq. (56), AS. 


In the absence of AS, what is the origin of the gaugino mass? As we have shown, 
the gaugino mass is generated only from violations of the approximate F-type super-Weyl 
symmetry. For a energy scale well below A, the approximate F-type super-Weyl symmetry 
is explicitly broken by the mass term of the Pauli-Villars helds. Thus, the integration of the 
Pauli-Villars helds generates the gaugino mass, as is discussed in Ref. 

We can also extract the gaugino mass without explicitly performing the integration of the 
Pauli-Villars helds. Well below the mass scale A, a good approximate super-Weyl symmetry 
is the one which is consistent with the mass term of the Pauli-Villars helds. Thus, the 
appropriate measures to read oh the gaugino mass from the action is the combination of 
[DQsw] and [FFdiff]. With these measures, the counter term is again given by AS in 
Eq. (|56|, from which we can directly read oh the anomaly mediated gaugino mass. 


More explicitly, the masses of the fermions and the scalars in the Paulli-Villars multiplets are split by the 
coupling to M through f d^0(2£!)^PAPswPsw- 
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C. Fictitious super-Weyl gauge symmetric formulation 

In Refs. 1221 E3], the origin of the gaugino mass has been discussed in the superspace 
formalism of supergravity with the help of a hctitious (and exact) super-Weyl gauge sym¬ 
metry by introducing a chiral super-Weyl compensator held, C, in the track of Ref. |133] . 
We call this super-Weyl symmetry as the hctitious super-Weyl gauge symmetry throughout 
this thesis in order to distinguish it from the approximate super-Weyl symmetry we have 
discussed so far. One of the key to settle the puzzle in the discussion of Refs. [52l |53] , which 
we explain later, is how to write down the anomaly mediated gaugino mass term in a gauge 
independent way of the hctitious super-Weyl gauge symmetry. In this section, we show 
how to write down the gauge independent gaugino mass term, where the knowledge on the 
super-diheomorphism invariant path-integral measure plays a crucial role. 


1. Fictitious super-Weyl gauge symmetry 


The hctitious (and exact) super-Weyl gauge symmetry is introduced to the action in 
Eq. (35) by performing a hnite super-Weyl transformation in Eq. (40) with S = \nC/2 and 
tc = 0 |133j . The resulting classical acton is given by 


C 


Ml^ j d^Q CC^exp 

/ d'0 2T'iy'“W'+h.c. , 


K' 


(62) 


where primes denote helds after the transformation. Now, the action is exactly invariant 


under the super-Weyl symmetry in Eq. (40) in terms of 8 \ W'", Q' and Q' with tc = 0, 
while giving a Weyl weight —2 to the “super-Weyl compensator” C, 


5sw,fic^' = dT.£'+-^{S^£') , 

5sw,fici?' = -4ER' - i _ S^-^R! , 

5sw,fichE'“ = -3SW'“ + ■ ■ ■ , 

5sw,ficQ' = ^ 

= 0“(2S'^-S) I+ 02T)“E| . (63) 
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It should be noted that the compensator (7 is a gauge degree of freedom, which can be 
completely eliminated by performing the hctitious super-Weyl transformation. In other 
words, one may take any C so that a calculation one performs is as simple as possible.^® In 
particular, in the presence of the compensator, the equation of the motion of M' is changed 


from Eq. (39) to 


F 


c 


-M'* = 7713/2 , 


(64) 


where we have taken (7 = 1 + Thus, for example, it is convenient to take the gauge 

where M' = 0, which is adopted in Ref. [53] up to higher dimensional terms. 


2. Gaugino mass 

The super-Weyl transformation performed to introduce C is anomalous where the mea¬ 
sure is transformed from [/l(5difr] to The transformation invokes the following 

term in the Wilsonian effective action, 

=+^^ f d^x d20 2T'In C!+'“!+'+h.c. . (65) 

16 J 

This term can be also derived from the condition that the hctitious super-Weyl symmetry 
is free from the gauge anomaly usi. Further, let us eliminate C from the kinetic term of 
the matter helds by the redehnitions, Q” = Q'C and Q" = Q'C. After the redehnitions, 
the integration of the matter helds does not generate the gaugino mass proportional to F^ 
at one-loop level, so that the gaugino mass is directly read oh from the Wilsonian ehective 
action. By combining the counter terms of the anomalies to reach to (^dig = {2,8'Y^'^Q'C 
and Q'U = {2S'fl^Q'C, we eventually obtain 

A5c = i A X / d^x d^e 2 £' In C W'^W' + h.c. , (66) 

16 dvr^ j 

where the corresponding path-integral measures are given by [T^Qdig] and [T*(5diff]- 

In Ref. [52], it is claimed that there is no anomaly mediated gaugino mass derived in 
[miiE] by taking a gauge with F^ = 0. On the other hand, in Ref. [53], taking another 

A singular transformation leading to (7 = 0 should be avoided. 

The weighted chiral field Qdiff has a Weyl weight 3 for w = 0. 


37 







gauge with M' = 0, the anomaly mediated gaugino mass is reproduced. These arguments 
pose a puzzle, for the gaugino mass should not depend on the gauge choice of . 


This puzzle is solved by remembering the discussion in Sec. IIIB There, in order to 
read off the gaugino mass from the Wilsonian effective action, we have used the canonical 
measure [T*Qsw] = [D {28)^^^ Q], Similarly, we should again use the measure, 

PQJ = [D {2S'f^ CQ‘] = [D (2Sr''‘ Q/im] . (67) 


which is invariant under the “approximate” super-Weyl symmetry. The kinetic term of Qc is 
free from the mixings to both M' and F*", and hence, canonical. Eventually, by translating 
the measure from to [DQ^, the Wilsonian effective action obtains a correction AS, 

which adds up with ASc,"^^ 

AS + ASc = X [ d^xd'^Q2S' (\n(2S'V^^ + \nC)w''^W'+h.c. . (69) 

16 dvr"' J \ / 

This expression is manifestly invariant under the hctitious super-Weyl transformation. Again 
the counter term is not invariant under the super-diffeomorphism, which is inevitable to 
cancel the anomaly of the super-diffeomorphism due to [DQ^. From this expression, we 
obtain the anomaly mediated gaugino mass 

1 ®^ = + 8 ^ ■ 5 "") = 

which is independent of the gauge choice of . 

In our argument, the super-diffeomorphism variant counter term AS is the key to ob¬ 
tain the manifestly invariant expression of the anomaly mediated gaugino mass under the 
hctitious super-Weyl gauge symmetry. It should be also stressed that the combination, 

j d^a: d^© 28' (\n (28')^^^ + In c) + h.c. , (71) 


is invariant under the hctitious super-Weyl symmetry. Thus, the mere knowledge of the 
anomaly of the hctitious super-Weyl gauge symmetry cannot determine the overall coefficient 


of Eq. (69). It is crucial to start with the super-diheomorphism invariant measure to obtain 


Eq. (69) 


29 


One may obtain the following counter term directly from the relation, 


[DQd = [i5(2£)-T6c-T2Q^;j,] . 


( 68 ) 


2^ Correspondingly, in the IPI effective action, the fictitious super-Weyl gauge invariance alone cannot 
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3. Relation to the IPI quantum effective action (I) 


As is clear from Eq. (70), the gaugino mass is simply read off from the counter term in 


the Wilsonian effective action, ASc, by taking the gauge with M' = 0 and = m 3 / 2 . 
In the IPI quantum effective action, on the other hand, it should be also possible to write 
down the gaugino mass term without using the compensator C. To see how the gaugino 
mass appears in the IPI action, let us consider a finite super-Weyl transformation of R, 


1 


R' = - 8R) + ■ ■ ■ . (72) 

Here, ellipses denote terms which are irrelevant for the transformation of the lowest compo¬ 
nent of R. Then, by taking S such that 


(r>2 - = 0 , 


(73) 


we can eliminate the lowest component of R. The solution of Eq. (73) is given by 

1 


,-2S _ 


= n = i + 


2n, 


- 8R) R^ , 


□+ = — - 8R) [V^ - 8R^) 


(74) 


Thus, by setting C = we can achieve the desirable gauge choice of the hctitious super- 
Weyl gauge symmetry where M' = 0. It should be noted that the apparent non-local 
expression of hi does not cause problems because the chiral field hi is reduced to a local 
expression, 

1 


~ 1 + -M*02 , 
3 


(75) 


in the flat limit. Thus, as long as we are interested in the flat limit, hi can be treated as a 
local held. 

In this gauge, ASc is now expressed by. 


ASc=n-^ — 


1 1 


X d*xd^e2S'\nn-^W'^Wf + h.c.. 


16 

By expanding this expression around hi = 1, we obtain 

1 1 


(76) 


4\S'c=o-i — 


16 


[ d^x d^e 2S ^ - 8R) R^ W'^Wa + h.c. , (77) 

J n+ 


determine the gaugino mass term up to the contribution from Eq. (71) with ln(2£')^/^ replaced by In 12 
where the chiral field 12 is defined in the following. 
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at the leading order. Here, we have reverted E’ and hh'" to E and hh". Since this term is ex¬ 
pressed in terms of the gravity multiplet and independent of C, this provides an appropriate 
expression of the super-Weyl variance in the IPI effective action. In fact, the expression in 


Eq. (77) reproduces the IPI quantum effective action given in Ref. mzi.” By substituting 


Eq. (75), we again obtain the anomaly mediated gaugino mass in Refs. HZIIIHI. 


Relation with IPI quantum effective action (II) 


The chiral held H is also useful to discuss the IPI quantum effective action along the 


lines of Sec. |III B| where we have not introduced the super-Weyl compensator C. There, 
instead, we relied on the F-type super-Weyl invariant but super-diffeomorphism variant 
measure to read off the gaugino mass from the Wilsonian effective action. The IPI quantum 
effective action, however, must be invariant under the super-diffeomorphism by itself. Thus, 
AS should be replaced by a super-diffeomorphism invariant expression in the IPI quantum 
effective action. 

To hnd an appropriate expression, let us remember that the chiral held transforms as 

d 


= -2SH - 5° 


a©' 


-n 


(78) 


under the super-Weyl transformation. From this property, we can construct a measure 

[^Qsw,difr] = {2Ef^ Q] = [DQ}/^Q^^] , (79) 

which is invariant under both the F-type super-Weyl and the super-diheomorphism trans¬ 


formations.^^ Thus, in a similar way as Sec. IIIB , the Wilsonian ehective action receives a 
correction by changing the measure from [FQdifr] to [FQsw,diff], 


[cQdH][C(?diii][r'Q;„l[-D<5Ll — [-DQsw,difr] [-DQsw,diff] [-DQsvv^diff] [-^Qsw,diff] ^ , 


Z\5diff = X / d^a:d20 2TlnH-^IT“IE„ + h.c. 


IbdTT^ 

Unlike AS, hlRdifr is invariant under the super-diheomorphism. Thus, /^Rdiff is an appropri¬ 
ate expression of the super-Weyl breaking in the IPI quantum ehective action. Again, this 
expression reproduces the super-Weyl breaking term in the IPI ehective action in Ref. ma. 


(80) 


Apparent difference by a factor of 4 between our result and that in Ref. is due to the difference of 
the normalization of the gauge multiplet. 
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The component fields of Qsw.diff defined by Qsw.diff = 


- V^0XQ 


SW.dift “t 0 F5sw,diff]j 


the same canonical kinetic term with those of Qsw in Eq. (52). 
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D. Non-abelian gauge theory 


Let us sketch the gaugino mass in a non-Abelian gauge theory. In the non-Abelian gauge 
theory, the path-integral measure of the gauge multiplet should be taken into account. The 
super-diffeomorphism invariant measure and the F-type super-Weyl invariant measure are 
given by 

[FKiiff] = [FF'/V], [DVsw] = [D ( 2 ^)-'/® ( 2 ^t)-V 6 ^ 


where E is the super determinant of the super vielbein. The super-Weyl transformation law 


of E is given by (see Eq. (B57)) 


SsviE = 2 (E + E') E. 


(82) 


Here, we collectively represents the gauge multiplet and the ghost multiplets by V, and so 
are Vdis and Vsw accordingly. 

The translation from [FVdifi] to [FVsw] is easily performed by the following trick. Let us 
introduce a chiral compensator C as in Sec. Ill C| which dehnes E’ via. 


E = CC^E' 


(83) 


By remembering that the super-Weyl transformation is anomalous, the gauge kinetic func¬ 
tion receives a counter term depending on C as |133] 


= [FF'^/V] X ^ 

1 3Tg '■ 


ACV _ 

“ 16 Stt^ 


X / d^a:d20 2T'lnCW'“W'+h.c. , 


(84) 


where Tq is the Dynkin index of the adjoint representation. It should be noted that klS'X 


includes the rescaling anomaly form the ghost multiplets. Then, by comparing Eqs. (82), 


(83) and (84), we hnd that the counter term appearing along with the translation from 


[FVdiff] to [FVsw] is given by replacing C to (2T)^/^,^^ which leads to 

[DVim] = [fUw] X , C = (2Sf'^ . 


(85) 


The expression of the rescaling anomaly does not depend on whether the rescaling factor is a chiral 
superfield or a chiral density superfield. 
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By putting Eqs. (56) and (85) together, we obtain 


ni-DQ;„|lr'Q?„|lr'n„| = ni-DQswll-DQjVUCnw] x . 

i i 

1 on^ _ rp p 

AS = - ^ ^ X / d^x d^© 2S In W^Wa + h.c. , (86) 

16 87r"* J 

where Tr is the total Dynkin index of matter helds Qh As a result, we hnd the gaugino 
mass. 


Ma// 


1 3Tg-Tr 
2 87r2 


ln(2^)V3|0, = 


3Tg - Tn 
Idvr^ 


X m^/2 , 


(87) 


which reproduces the anomaly mediated gaugino mass found in Refs. [miiH]. We may also 
obtain the manifestly gauge independent expression in the formulation with the hctitious 


super-Weyl symmetry for the non-abelian gauge theory by using Eq. (85) along the lines of 
Sec. imn 
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IV. GAUGING MASS BY ADDITIONAL MATTER FIELDS 


This section is based on Ref. |136j : 

Keisuke Harigaya, Masahiro Ibe and Tsutomu T. Yanagida, “A Closer Look at Gaugino 

Masses in Pure Gravity Mediation Model/Minimal Split SUSY Model,” JHEP 1312, 

016 (2013), Copyright (2013) by the authors. 

V___y 

In this section, we derive the gluino, the wino and the bino mass in the presence of light 
vector-like matter helds and the QCD axion. 

A. Gaugino mass from light vector like matter 

If vector-like standard-model-gauge charged matter fields lighter than the gravitino mass 
exist, the gaugino mass receives corrections [5HH60], as is the case with the higgsino threshold 
correction in Eq. ([l^. We assume that there is a vecor-like matter fields Q and Q which 
are charged under the standard model gauge symmetry. We assume that R charges of Q 
and Q add up to 0, so that the extra matter fields obtain a supersymmetric (Dirac) mass 
of order the gravitino mass from the i?-breaking sector [HI IH] . We also assume that the 
extra matter helds couple to the SUSY breaking sector only through Planck suppressed 
interactions.^^ 

1. SUSY breaking mass spectrum of extra matter 

Generically, the threshold corrections from the extra matter held contribute to gaugino 
masses only when both a chirality hip of the fermion components of QQ, a Dirac mass, and a 
SUSY breaking left-right mixing of the scalar components of QQ, a b term, exist. Therefore, 
we hrst demonstrate how the Dirac mass term and the b term of QQ are obtained. 

To illustrate how they show up in the mass spectrum of extra matter, let us consider the 
simplest SUSY breaking sector with the following ehective superpotential, 

W = Is/Z ?T7,3/2Yfpi . (88) 

If the extra matter fields couple to the SUSY breaking sector more strongly, soft masses of the MSSM 

helds are dominantly generated by the coupling, as is the case with the gauge mediation. 
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Here, 7713/2 denotes the gravitino mass representing the breaking of the (discrete) R- 
symmetry breaking. The SUSY breaking held Z obtains an F-term VEV of Fz = —A^, 
and the hat universe condition gives = 3mg^2Afpi-^^ fhe followings, we take 7773/2 and 
A real and positive without loss of generality. The SUSY breaking held Z is assumed to be 
charged under some symmetries at the Planck scale or to be a composite held generated at 
some dynamical scale much lower than the Planck scale. 

Due to the vanishing i?-charge of QQ^ the extra matter couples to the above SUSY 
breaking sector via the super- and Kahler potentials; 

W = A^Z + 7 /^ j + 7 /'^ j , 

K = XQQ + + h.c. + ■ • • , (89) 

where 7 /, 7 /', A and A' are dimensionless coupling constants. It should be noted that we 
can eliminate one of 7 /, y' and A through the Kahler-Weyl transformation when we are only 
interested in the masses of the extra matter helds (see also Ref. [53] for a related discussion). 
In fact, by using the Kahler-Weyl transformation,^® 

K ^ K -XQQ lU ^ hPexp (AQg/Mp^i), (90) 


the super- and Kahler potential can be rewritten as. 


lU^ — iy' + A) 7T73/2gg -|- ( 7 / -|- A) 7773 / 2 ^^ — -h \/37T73/2MpiZ -|- 

7V7pl 

K' = X'ZZ^^F h.c. . 


(91) 


Therefore, we obtain the supersymmetric Dirac mass, pg, and the SUSY breaking mixing 
mass parameter, b, 


AQ = {y' + A)7773/2 , (92) 

6 = (37/ - 7 /' + 2A - 3A')m2/2 . (93) 


It is assumed that | (Z) \ ^ Mpj. 

Since the Kahler-Weyl transformation involves chiral rotations of fermion fields in chiral multiplets, 
it induces gauge kinetic functions which are proportional to XQQ/M^^. However, these terms do not 
contribute to gaugino masses. 
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In deriving the expression of 6, we have added up the contributions from the coupling 
to the SUSY breaking held and from the constant term in the superpotential through the 
supergravity interactions.^® As we will show, the phase of h/ /ig is a very important parameter 
for the gaugino masses. 


2. Gaugino masses from threshold correetions 


In order to calculate the threshold corrections, let us take the mass diagonalized basis for 
the extra matters. Here, it should be noted that in addition to the above mentioned SUSY 
breaking 6-term, the scalar components of the extra matter generically obtain soft squared 
masses of order the gravitino mass just as the MSSM matter helds do. Thus, the mass terms 
of the scalar components A, A and the fermion components, fj, are given by, 

>Cmass-scalar = - ( |Pq |^ + | A|^ - (j/ig | -^ m^) | A|^ - (6AA h.C.) 

= —m^|Ap — m^|Ap — (6AA -|- h.c.) , 

■^mass—fermion ~ T h.C., (94) 


respectively. Here, m\ and denote the soft squared masses. The mass terms of the 
scalar components are diagonalized by rotating the helds, 

COS/dg -e"4'5+<5')sin/3Q 
e*('^+'^')sin/3g cos/3g 




m\ + J{m\ - + 4|6p 

tandg = - - ——- > 0, 

2 \b\ 


m\ 


5 = arg(6//ig), 5'= arg(/ig). 


which leads to the mass eigenvalues. 


= - I m 


+ m\ ± f (m^ - + 4|i)p) 


(95) 


(96) 


The one-loop threshold correction from the extra matter with the above mass spectrum 
yields the gaugino masses HSU, 


IGtt^ 


Tg2e*^sin2/3g|pg| 


rrij 


rln 


rrij 


m_ 




In 




m_ 


(97) 


If QQ couples to some flat directions, there also exist contributions to the b term by F terms of the flat 
directions [51]. We assume, however, that QQ do not couple to any flat directions. 
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at the renormalization scale just below their threshold. Here, Tq is a Dynkin index of Q, 
which is normalized to be 1/2 for a fundamental representation, and g is the gauge coupling 
constant evaluated at around the scale of the extra matter. By adding the anomaly mediated 
effects of the extra matter, = 5f^/(167r^)2TQm3/2, we obtain the hnal result, 


AMa = 


2Tq I e*'^sin2^Q|/iQ| 


Ibvr^ 


m. 


m_ 


-K 


-In 


rri: 


m 


l/^Qp 


In 


+ m3/2 


(98) 


Several comments are in order. First, it can be proven that 

ml . rnl mi I/xqP 

mi 


> 0 . 


(99) 


Therefore, the phase of the gaugino mass contributed from the threshold correction is always 
determined by the phase of h/ 

Secondly, let us take the limit of small soft squared masses, i.e. m\, ml <C l/xgp. In 
this limit, the diagonalized scalar masses and mixing angle are reduced to 


± 1*1. tati/3Q = l. 


( 100 ) 


With this mass spectrum, Eq. (98) is also reduced to 

,2 


AMa = 


9 


IGtt^ 


2T, 


Q 


-^(IV/^qI) +"^3/2 

.hQ 

F{x) = —^ln(l + x) H-5— ln(l - x) 


X^ 


X^ 


( 101 ) 


In order for the scalar components of QQ not to be tachyonic, the b term should satisfy 
|6| < l/iQp, where the function F takes values between 1 to ln(4) ~ 1.4. 

Thirdly, let us consider the limit of ||/'| S> 1. In this case, the spectrum for the extra 
matter is similar to the case with a large Dirac mass term in the super-potential. Therefore, 
we expect that QQ decouples and AMa = 0 as expected from the ultraviolet insensitivity 
properties of the anomaly mediation. Actually, since the Dirac mass term and the b term are 
given by gq = y'm 3/2 and b/ gq = — 777 , 3 / 2 , and the soft squared mass terms are negligible, 
we obtain AMa = 0 from Eq. ( 101[ ). 


This formula can be applied to any cases, no matter the origin of the Dirac mass, b term, and soft squared 
mass terms. 
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Finally, let us take the limit of |A| S> 1, where the Dirac mass term and the b term are 
given by /ig = \mz /2 and b/fiq = 21713 / 2 - The soft squared mass terms are negligible and we 
obtain 


= J^6TQm3/2. 


( 102 ) 


Here, the anomaly mediated effect and the threshold correction contribute to gaugino masses 
additively. 

3. Bino, wino, gluino masses 

Let us assume that the vector-like matter helds belong to SU (5) GUT multiplets so that 
the coupling unihcation is preserved. In this case, the contribution of the vector-like matter 
helds to the gaugino mass is given by. 



(103) 


and hence, satishes the so-called GUT relation. The dehnition of Nes can be understood 


by comparing Eqs. (98) and (103).^® It should be noted that Nes can be rather large either 


from small or from many extra matter helds. As we have discussed, the phase of b/fiQ 
is a free parameter, and hence, we take 7 as a free parameter. 


In Figure we show the physical gaugino masses in the presence of the extra matter 


helds for 777 , 3/2 = 100 TeV as a function of Aefr for given values of 7 . Here, we have neglected 
the higgsino threshold correction for simplicity, i.e. L = 0. It can be seen that the gluino 
mass can be much lighter than that predicted in the purely anomaly mediated case, which 
enhances the detectability of the gluino at the LHG. 

Note that the gaugino can be degenerated with each other. In this case, the thermal 
abundance of the LSP is determined by coannihilations between gauginos. We discuss this 
issue in the next section. 

It should be noted that it is even possible for all three gauginos to be degenerate for 
7 ~ 0 and Aeff — 4 — 5. This is bacause the MSSM contributions to the gluino mass is 
negative while those to the wino and the bino masses are positive. Thus, the addition of the 

iVeff is not identical to the number of flavors, J2q 2Tq. 
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FIG. 7: The gluino, wino, and hino masses for 772 - 3/2 = 100 TeV with the threshold corrections from 


the extra vector-like matter in Eq. (103). We have neglected the higgsino threshold correction, for 


simplicity, i.e. L = 0. 


extra matter contributions satisfying the GUT relation can reduce the gluino mass while 
increasing the wino and bino masses. 

Let us comment on CP violations from the phase of the gaugino masses. First, we 
assume that some flavor symmetry controls the soft squared mass terms so that they are 
nearly diagonal, since otherwise constraints from the mixing suggest that the soft 

squared mass terms are larger than 0(1000) TeV |1381 I139j . even if 7 = 0. Under this 
assumption, a one-loop contribution to the neutron electric dipole moment (left panel of 
Fig. is much smaller than the experimental upper bound [70]. A two loop Barr-Zee type 
contribution (right panel of Fig. [^, which dominates over the one loop contribution for 
large soft squared mass terms, is also far smaller than the experimental upper bound for 
p = 0(100) TeV [XTH] . 

B. Gaugino mass from QCD axion 


Here, we review the contribution of the QCD axion to the gaugino masses, following 
Ref. [SZ]. In general SUSY QCD axion models, there is an axion chiral multiplet which 
couples to vector-like matter fields. Since the axion multiplet is a flat direction and hence is 
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FIG. 8: Feynman diagram contributing to the neutron electric dipole moment. 


not fixed, it generally obtain a non-zero F term. Thus, the gaugino mass receives threshold 
corrections from the vector-like matters ig. 


1. KSVZ type models 

Let us consider the so-called KSVZ ES] type axion model in which the anomaly of 
the Peccei-Quinn (PQ) symmetry |H2l ESI 111211113] of the QCD is mediated by additional 
standard model gauge charged matters Q and Q. Here, we assume a superpotential, 

W = AX(^^ - + y-^QQ, (104) 

where X, ip, 'll! are chiral helds carrying (PQ,/2) charges (0,2), (l,r.i/,) and (—1,—r^), re¬ 
spectively. Without loss of generality, we take A, y and v to be positive and real by held 
redehnitions. We assume that the axion multiplet is the only hat direction. An 3> m 3 / 2 - We 
also assume that y {'ip)"' 3> ^ 3 / 2 . 

The scalar potential of the scalar components of X, 'ip, and ip is given by 

V = AV^-^'T+A'i^rd^/^r+i^r) 

+my 2 { 0 ‘x\X\‘^ + a^lipl"^ + a^\ip\‘^) + ^ 2 An^m 3 / 2 X -h brriy^'^ip F h.c.j . (105) 

Here, we assume that X, ip and ip couple to the SUSY breaking sector only through Planck 
suppressed interactions, and hence, ax, ap and are at largest 0{1). It should be noted 
that the b term, bruy^i^ip with b = 0(1), can arise from the R symmetry breaking ehect [441 

The domain wall problem |141j is absent for n = 1. 
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05] because the combination is neutral under the PQ and R symmetry. As we will see, 
however, the b term does not affect gaugino masses. 

The minimum of the potential is at 


(^) 

(^) 

(^> 


_ 2 m 3 / 2 U^ 

^ (I W P +1 (^> P) 

/ (X) 

\ay"^3/2 + ^^l IV 
/ aym^/2 +A^l (X) 
\«y"^3/2 +A^l (^) Py 



1/4 


V 1 + 0 



(106) 


Here, we take {'ip) to be positive and real by field redefinitions. Note that at the leading 
order in m 3 / 2 /(Au), the VEVs do not depend on the b term. This is because the direction 
‘ipijj is fixed by the superpotential. 

In order to calculate the gaugino masses, let us calculate the b term of QQ. It is given by 


C 


6—term 




/ / \ri. / j \ n—l 

- (n/i + ™3/2'>/') = - m3/2'il>, 


(107) 

(108) 


where A and A are the scalar components of Q and Q, respectively. 

When we calculate the gaugino masses via a QQ loop, the contribution from the first 


term in Eq. (107) cancels with the anomaly mediated contribution.This is nothing but 

The contribution from the second term, on 


the decoupling of heavy vector-like matter 
the other hand, does not cancel, which yields the correction to the gaugino masses given by 




AMy = 




n—1 


(^) 


From Eqs. (106) and (108), the F term of V' is given by 


= -m3/2 (- 0 ) 


^'Ip 


m 


fly + ay + 2A2| (X) 


1 + 0 


= -77^3/2 ((Ip) e, (110) 




where e is of order one, unless the soft squared mass terms of tp and tp accidentally coincide 
with each other. 


This cancellation happens only when y (i/i)" /Mpj ^ TO 3 / 2 . For gaugino masses with y ( 1 /))" /Mpj ^ ~ 

m^l 2 , see the previous subsection 
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By substituting Eq. (110) into Eq. (109), we obtain the contribution from the axion model 
to the gaugino masses, 

->2 


AM, = 


9 


A = j^2TQn6m3/2 


( 111 ) 


Note that the phase is aligned with the anomaly mediated contribution. This is because the 
phases of ('^) and {F^) are aligned with each other. 

Let us comment on the case with several flavors of vector-like matters, as is the case 
with axion models presented in Ref. [621 1142j . Even if there are several flavors of vector-like 
matters, we can always diagonalize their mass matrices. Each mass eigenstates contributes 


to the gaugino masses as given in Eq. (111). The correction to the gaugino masses is simply 


multiplied by the number of the flavors. 


2. Bino, wino, gluino masses 


We assume that matter helds QQ belong to SU{5) GUT multiplets. In the presence of 
the axion model described above, the gaugino masses receive threshold corrections at the 
scale of the mass of QQ. However, M \/is a renormalization invariant in SUSY theory 
at an one-loop level. Hence, it is not necessary to solve the renormalization equations from 
the mass scale of QQ to the gravitino mass scale for an one-loop analysis. We can treat 


the correction given by Eq. (Ill) as if it is generated at the gravitino mass scale, and solve 


the renormalization equations (19). Therefore, in this axion model, gaugino masses are 


parameterized by Eq. (103) with 7 = 0. Physical gaugino masses are given by the upper 
left panel of Fig. In axion models with a large number of additional matter [621 1142] . 
would be considerable. 
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V. GAUGING COANNIHILATION 


This section is based on Ref. |143j : 

Keisuke Harigaya, Kunio Kaneta and Shigeki Matsumoto, “Gaugino coannihilations, ” 
Phys. Rev. D 89, 115021 (2014), Copyright (2014) by the American Physical Society. 

K ___y 

As we have seen in the previous section, the gaugino mass receives corrections from light 
vector-like matter helds or a QCD axion. Then gauginos may be degenerated with each 
other. In that case, the thermal relic abundance of the LSP is determined by the coanni¬ 
hilation of gauginos. In this section, we calculate the LSP abundance in the coannihilation 
region of gauginos, and discuss the phenomenology of gauginos at the LHC and cosmic-ray 
experiments. 

We treat gaugino masses as free parameters and present model-independent results. We 
thus consider the following three coannihilations below: bino-gluino coannihilation, wino- 
gluino coannihilation, and bino-wino coannihilation In calculating the annihilation cross 
section, we take the Sommerfeld effect |144[I145] into account. As we will see, the Sommerfeld 
effect change the thermal LSP abundance considerably.^^ 

A. Lagrangian of gauginos 

Before discussing the thermal relic abundance of the gaugino dark matter, we write down 
the low-energy effective lagrangian of the heavy sfermion scenario at the scale around the 
gaugino masses. As already mentioned in introduction, the higgsino is assumed to be much 
heavier than the gauginos, and thus the mixing between bino and wino is approximately given 
by m|/(/i|AM|) ~ 10“^(p/100 TeV)“^(|AM|/10 GeV)“^, where AM is the mass difference 
between bino and wino. Even if bino and wino (whose masses are 0(10^“^) GeV) are nearly 
degenerate, the mixing is less than 0{1) % in the parameter region of interest. Therefore, 
their mass eigenstates are well approximated by their weak eigenstates'^^.The lightest and 

Let us list differences from previous works. In Refs. |1461I147] . neutralino-gluino coannihilation is consid¬ 
ered without including the Sommerfeld effect. In Ref. ms], bino-wino coannihilation is considered with 
including the Sommerfeld effect, while ignoring masses of standard model particles. 

Note that the mixing is significant if higgsino is light, which is discussed in Ref. |I49) . If the sign of Mi 
and M 2 is opposite, bino and wino do not mix each other |150j 
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the second lightest neutralinos are then pure neutral gauginos, while the lightest chargino is 
the pure charged wino. In following discussion, we denote bino, neutral wino, charged wino, 
and gluino helds as B, W^, W~, and with Mi, M 2 , M|, and M 3 being their physical 
masses, respectively. The mass difference between charged and neutral winos is generated 
by a quantum correction of the standard model (SM) |iniHin3j . and has been calculated 
at two-loop level [10411105] . When the wino mass | M 2 1 is much larger than the electroweak 
scale, the difference is about 170 MeV without depending on M 2 . 

The effective lagrangian involves SM interactions, renormalizable interactions of the gaug¬ 
inos which play important roles to calculate their annihilation cross sections, and higher¬ 
dimensional interactions obtained by integrating out heavy helds with masses of (! 7 (m 3 / 2 ) 
(sfermions, higgsino, heavy higgs bosons): 


d^eS — 

■^SM T Tibino T -^wino T Tigluino T TIh.O.j 

( 112 ) 

-^bino 

(l/ 2 )I(*^-Mi).B, 

( 113 ) 

r . — 

•^wmo 

(1/2) W^{i$ - M 2 )W° + W-{i 0 - M^)W- 



-92 W- (sw 4 - cwt) W- - g2 (IU-I/""W° + h.c.), 

( 114 ) 

-^gluino 

( 1 / 2 ) + i (^ 3 / 2 ) 

( 115 ) 


A, W~, and Z are photon, W, and Z boson helds, while sw = sin 9w {cw = cos 9w) is the 
sine (cosine) of the Weinberg angle. The SM lagrangian is denoted by £sm- The last term 
Ch.o. involves higher-dimensional interactions: e.g. four Fermi interactions including two 
gauginos and two SM fermions. The operators play important roles to maintain chemical 
equilibrium between the lightest and next lightest SUSY particles during the coannihilation 
period via decay, inverse decay, and conversion processes. Since detailed forms of the higher¬ 
dimensional interactions are not important for our discussion, we do not explicitly write them 
down. 


B. Bino-gluino coannihilation 


It is known that the thermal relic abundance of dark matter with coannihilation processes 
is obtained by solving the following Boltzmann equation [151] : 

((TeffU) X dg^ 


dx 


Hx 


3g^,s dx 


s - ny 


(116) 
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Y is the dark matter yield defined by the ratio between the nnmber density of the dark matter 
particle and the entropy density of the universe, s = g^s (27r^/45)(m^/x^), with x being the 
inverse temperature of the universe in unit of the dark matter mass, x = m/T. The Hubble 
parameter H and the equilibrium yield Yeq are given hy H = (5f*/90)^/^(7r/Mpi)(m^/a;^) 
and Yeq = ((^efr e“*/(27r)^/^, respectively. The massless degrees of freedom for 

energy and entropy are denoted by and respectively. We evaluate them according 
to Refs. |152l 1153] using lattice data of the QCD phase transition |154j . The effective 
annihilation cross section ags is given by 


(^esv = '^{(Tijv) ^^(1 + + Aj)^/^exp[-a; (Aj + A^)], 

3es 


(117) 


where aij is the annihilation cross section between particles ‘T and ‘j’ with gi and gj being 
their spin (color) degrees of freedom, v is the relative velocity between the particles, and g^s 
is the effective degree of freedom for ‘dark matter particles’, g^s = 9i (l+A*)^/^ exp[—xAj] 
with Aj = {rrii — m)/m. The mass of the particle ‘T is denoted by m*, and mi = m corre¬ 


sponds to the dark matter mass. The cross section with the bracket, (cTefrn), in Eq. (116) 
represents the one which is averaged by the dark matter velocity distribution at the tem¬ 
perature T. 

For the case of bino-gluino coannihilation in the heavy sfermion scenario, the annihilations 
of R R —)• SMs and R G —)■ SMs are suppressed due to heavy sfermions and higgsinos. Only 
the annihilation GG —)■ SMs contributes to the effective annihilation cross section. It is 
worth noting here that the chemical equilibrium between coannihilating particles during 
the freeze-out epoch is maintained thanks to higher-dimensional operators in the lagrangian 


(112): the (inverse) decay rate of the gluino and the conversion rate between bino and gluino 
are enough larger than the expansion rate of the universe R, so that the ratio of number 
densities between the coannihilating particles is determined only by the temperature 

In the gluino annihilation, the Sommerfeld effect may enhance or suppress its cross sec- 


Not to be confused with the gauge coupling constant. 

In the limit of infinite sfermion masses, the chemical quilibrium is not maintained. By requiring that the 
conversion rate of a bino into a gluino is large enough, we obtain the upper bound on sfermion masses; 

/ Ml / T ^ 

TOsfermion < 1000 TeV (^7^ j ’ (1^^) 

where T is the temperature of the universe. 
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tion |144[ 1145] . The effect can be interpreted as the one distorting wave-fnnctions of incident 
particles dne to long-range force acting between them, and it is incorporated throngh the 
following formnla at leading order^^: 


av = (aov) X lim 


(119) 


where (Tq is the self-annihilation cross section of the glnino calcnlated in a nsnal pertnrbative 
way, while \'il>{r)\‘^ is so-called the Sommerfeld factor. The factor is calculated by solving the 
following Shrodinger equation. 


1 

-h Vir) 

Mg dr^ ^ ’ 


tljir) = E iljir), (120) 

with the boundary condition: the wave-function 'ip{r) has only an out-going wave at r —)■ cx) 
with its normalization fixed to be - 0 ( 0 ) = 1 . 

Potential V(r) in the above Shrodinger equation depends on which color representation 
the incident glnino pair has. The product of two color adjoint representations is decomposed 
into 1 © 8 ^© 85 © 10 © 10 © 27 . With the fact that the s-wave process dominates the annihilation 
and the glnino is a Majorana fermion, the representations 1, 85 , and 27 must form spin-0 
states, while other representation 8 ^, 10, and 10 must form spin-1 states. The potential is 
then given by 

14 (?^) - CHttg/r, (121) 

with the coefficient cr = —3, —3/2, —3/2, 0, 0, and 1 for representations 1, 85 , 8 ^, 10, 10, 
and 27, respectively (see Appendix]^. It then turns out that the potential gives repulsive 
force for the representation 27, and its annihilation cross section is highly suppressed. For 
the representations 10 and 10 , the potential vanishes, and their initial wave-functions are 
not distorted. For the representations 1, 85 , and 8 ^, the potential gives attractive force, 
and their annihilation cross sections are expected to be enhanced. In fact, the Shrodinger 
equation can be solved analytically when V(r) is approximated by the Coulomb potential, 
and the Sommerfeld factor becomes m (see also Appendix]^ 

27iCRas/v 


lim 

r^oo 


(r)l^ = 


exp[27rCijQ;3/n] - 1’ 


( 122 ) 


Coannihilation between glnino and neutralino (corresponding to bino and wino in our case) has been 
already considered in Refs. [14611147] without including the Sommerfeld effect, while the case of gluino 
being LSP is studied with including the Sommerfeld effect |155j . The effect has been included in the 
coannihilation between bino (S't/(2)i-singlet) and gluino {SU{3)c-octet) in Ref. |156j . 
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with V being the relative velocity between the incident gluino pair. The factor is actually 
enhanced by 1/n for a negative cr, while it is suppressed for a positive cr. Here, we should 
mention which energy scale we should use to evaluate 03 in the factor, because higher order 
QCD corrections to V (r) signihcantly depends on the scale. According to the prescription 
in Ref. |158j . we take the scale /i obtained by solving the following self-consistency equation: 

fi = (M 3 / 2 ) jcRjasi/u). (123) 


In order to evaluate the factor more accurately, we should calculate the potential including 
higher order QCD corrections as well as hnite temperature corrections, because the freeze- 
out phenomena occurs before QCD phase transition (say, in the symmetric phase), which is 
postponed to future work. 

Since the Sommerfeld effect depends on the representation of the incident gluino pair. 


the annihilation cross section, aov, in Eq. (119) must be calculated in each representation. 
The cross section is given by 


(yov\R=i — ATra^CR/M^, (124) 

o'o^^|r= 8 s = 47ra3cyM|, (125) 

(^ov\r=8^ = + (126) 

(Tov\r= 27 = AiralcyM^, (127) 


while the cross sections for the representations 10 and 10 vanish. The cross section for R = 8a 
comes from annihilations to various quark pairs, while those for other representations {R = 1, 
R = 85 , and R = 27) are from annihilation to a gluon pair. As a result, the contribution to 


the effective annihilation cross section in Eq. (117) from the gluino self-annihilation is given 
by 


= (l/256)((Tt>|R=i + 8av\R=Ss 3 x 8 crr;|i?= 8 ^ -F 27av\R=27), 


(128) 


which is consistent with Ref. |155] . 

With the annihilation cross section discussed above and solving the Boltzmann equation 


(116), we obtain the final yield of the dark matter particle, R(oo). The thermal relic abun¬ 
dance of the dark matter is then given by = msoY{oo)/{pch~Y with sq = 2889 cm“^ 
and Pc h~‘^ = 1.054 x 10“^ GeV cm“^. In the left panel of Fig. the coannihilation region of 
bino and gluino is shown. Along the black solid line, the resultant bino abundance coincides 
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FIG. 9: Left panel: Coannihilation region between bino and gluino. The bino dark matter is over¬ 
produced in the region above the black line. For comparison, the result without the Sommerfeld 
effect is shown as the black dotted line. Right panel: Coannihilation region between wino and 
gluino. The black solid and dotted lines have the same meanings as those of the left panel. A limit 
on the wino dark matter obtained from the monochromatic line-gamma ray search (by observing 
the galactic center) at the H.E.S.S. experiment is also shown. See text for more details. 


with the observed upper limit, = 0.125. In the region below (above) the line, the 

abundance is smaller (larger) than the value. As a reference, we have shown the result ne¬ 
glecting the Sommerfeld effect |14611147j . which is denoted by the black dotted line. It can 
be seen that the bino dark matter can be as heavy as 7-8 TeV due to the coannihilation. 

Note that the mass difference between the bino and the gluino is required to be smaller 
than 0(100) GeV. With such small mass difference, the gluino becomes rather long-lived 
due to phase space suppression in the decay of the gluino jl59j . The decay length of the 
gluino is given by [65l EHl llOOj 


cr ~ 3 X 


/ Ms-Ml 

V 100 GeV 


'^sfermion \ ^ 

- cm, 

100 TeV/ 


( 129 ) 


A gluino with such a large decay length yields a visible displaced vertex in detectors of 
hadron colliders. In Ref. |159j . curent and future-expected lower bound on the gluino mass 
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from the LHC experiment is estimated as 

f 1.1 TeV (current, 8 TeV, 20 fb~^) 

M^>{ ^ (130) 

~ y 1.5 TeV (future, 14 TeV, 300 fb"^) , 

for msferrnion = 100 TeV and the mass difference which explains the thermal abundance of 
the bino. 


C. Wino-gluino coannihilation 

Calculation of the dark matter abundance in wino-gluino coannihilation region is essen¬ 
tially the same as that in the previous subsection. Only the difference is that annihilations 
of wino dark matter and its SU{2)l partners also contribute to the effective annihilation 


cross section in Eq. (117). The coannihilation between wino and gluino is again suppressed 


because of heavy sfermions and higgsinos. In the wino annihilations, there are six anni¬ 
hilation modes: W^W~, and W^W^. Remembering the fact that the 

neutral wino is a Majorana fermion, initial states of and also IV^IV^ form only 

spin-0 states. Initial states of other modes, on the other hand, form both spin-0 and spin-1 


states. See appendix G for concrete expressions of their annihilation cross sections. As in 


the gluino annihilation, the wino annihilations also receive the Sommerfeld effect. In the 
annihilations, the potentials V(r) in their Schrodinger equations are generated by exchang¬ 
ing photons (Coulomb potential) and WjZ bosons (Yukawa potential) between the incident 
particles. Since the Sommerfeld effect on the annihilations have already been discussed in 
the literature [IH], we omit to write down those explicitly. 

The coannihilation region between wino and gluino is shown in the right panel of Fig. 
The relic abundance of neutral wino is below the observed upper limit on the left side of the 
black solid line, when the Sommerfeld effect is included. For comparison, the result without 
the Sommerfeld effect is shown by the black dotted line. At the right ends of the lines, gluino 
and wino are almost degenerated with each other. In this case, due to the large annihilation 
cross section of gluino in comparison with that of wino, the dark matter abundance is 
essentially determined by the annihilation cross section of gluino |146] . It can be seen that 
wino can be as heavy as 7 TeV because of the coannihilation. When the mass difference 
between wino and gluino is large enough, the solid line asymptotically approaches M 2 ~ 
3.1 TeV, which is the mass predicted by the usual wino dark matter. A bumpy structure can 
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be seen on the black solid (dotted) line at M 3 — M 2 ~ 200 GeV (M 3 — M 2 ~ 100 GeV), which 
originates from the gluino contribution; it is somewhat suppressed by the Boltzmann factor 
in this region and its annihilation cross section becomes comparable to wino’s, leading to 
the suppression of the effective annihilation cross section due to the increase of Qes- 

Another limit on the wino dark matter is also shown in the plot, which is obtained from 
the monochromatic gamma-ray search (by observing the galactic center) at the H.E.S.S. 
experiment [161] . The limit depends strongly on the dark matter prohle at the center. The 
orange band is the limit adopting the NFW (cuspy) prohle [162] . while the brown band is 
the one adopting the Burkert (cored) prohle |163j . The limits are estimated with allowing 
2cr-deviation from circular velocity data of our galaxy [164] . It is interesting to see that, even 
if we take the limit adopting the NFW (cuspy) prohle, we can hnd the parameter region 
consistent with the thermal relic abundance of dark matter. 


D. Bino-wino coannihilation 


Galculation of the dark matter abundance in bino-wino coannihilation region is also the 
same as those in previous subsections. In this region, only the wino annihilations contribute 


to the ehective annihilation cross section in Eq. (117). Other annihilation processes between 


binos and between bino and wino are suppressed again because of heavy sfermions and 
higgsinos. Since both bino and wino can be dark matter in this coannihilation, we discuss 
the two cases separately. 

Bino-wino coannihilation with the bino being dark matter is similar to bino-gluino coan¬ 


nihilation, as seen in the left panel of Fig. 10 Black solid and dotted lines have the same 
meanings as those of previous hgures. The bino dark matter can be as heavy as 3 TeV due 
to the coannihilation. We have also shown other limits obtained by collider physics. The 
blue region has been excluded by the LEPII experiment, in which the wino pair production 
was searched for via an initial state radiation of a photon [165] . In the viable parameter 
region, there is no constraint from the LHG experiment at present. This is because the mass 
difference between the bino and the wino is very small. However, for the mass difference 
between the bino and the wino of 0(10) GeV, the neutral wino becomes rather long-lived 
due to the heavy higgsino mass as well as phase space suppression |166j . The long-lived 
neutral wino can be searched at the LHG with displaced vertices. Ref. [166] suggests that 
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FIG. 10: Left panel: Coannihilation region between hino and wino with the bino being dark 
matter. Black solid and dotted lines have the same meanings as those of previous figures. Limit 
from the LEPII experiment is also shown as blue line. Right panel: Coannihilation region 
between bino and wino with the wino being dark matter. The black solid and dotted lines have 
the same meaning as those of the left panel. A limit on the wino dark matter obtained by the 
monochromatic line-gamma ray search (observing the galactic center) at the H.E.S.S. experiment 
is also shown. 


the wino with a mass of 600-800 GeV can be probed at the 14 TeV running of the LHC. 

The coannihilation between bino and wino with the wino being dark matter is, on the 
other hand, similar to wino-gluino coannihilation, which is shown in the right panel of 


Fig. 10 Black solid and dotted lines have the same meanings as before. The difference 
from the wino-gluino coannihilation can be seen at the region that coannihilating particles 
are highly degenerated in mass. In wino-gluino coannihilation, the effective annihilation 
cross section is enhanced by the gluino annihilation at this region, while it is suppressed by 
very small (almost zero) annihilation of bino in bino-wino coannihilation. As a result, the 
wino mass coinciding with the observed upper limit is decreased to 2.8 TeV, which is smaller 
than the mass predicted by the usual wino dark matter, M 2 ~ 3.1 TeV. When the mass 
difference between bino and wino is large enough, the black solid line approaches this value. 
In the plot, a limit from the H.E.S.S. experiment is also shown as in the case of wino-gluino 
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coannihilation. It then turns out that, if we take the limit adopting the NFW profile, all 
region is excluded, though the use of the NFW profile seems too aggressive to conclude that 
the coannihilation region has completely been ruled out. 
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VI. SUMMARY AND DISCUSSION 


In this thesis, we have discussed the gaugino mass in the heavy sfermion scenario. As we 
have reviewed in Sec.|^ the heavy sfermion scenario is not only consistent with the observed 
higgs mass, but also is free from cosmological problems such as the Polonyi problem and the 
gravitino problem. In the heavy sfermion scenario, gauginos are as heavy as 0(1) TeV and 
are primary targets of experimental searches. 


In Sec. Ill, we have derived the anomaly mediated gaugino mass, which is the essential 
ingredient of the heavy sfermion scenario. We have derived it in the superspace formalism of 
supergravity with a Wilsonian effective action. We have shown that in the heavy sfermion 
scenario, the gaugino mass is protected by the approximate super-Weyl symmetry. The 
gaugino mass is induced by the quantum anomaly of the approximate super-Weyl symmetry. 
We have treated the anomaly with the path-integral formulation and reproduced the gaugino 
mass derived with other formalisms in the literature. In our derivation, it is essential to 
construct a super-diffeomorphism invariant path-integral measure. 


In Sec. IV, we have derived the gluino, the wino and the bino mass in the presence of light 
vector-like matter helds and the QCD axion. We have shown that gaugino masses receive 
corrections as large as the anomaly mediation. The gluino mass can be smaller than the 
purely anomaly mediated case, which enhances the detectability of the gluino at the LHC. 

Including these corrections, is it possible that gauginos are degenerated in their masses 
with each other. In this case, the thermal abundance of the LSP is determined by coannihi¬ 
lations between gauginos. By calculating the thermal abundance of the LSP, we can predict 
mass differences between gauginos. The information on the mass differences is important 
for the experimental search of gauginos in the gaugino coannihilation region. 

In Sec. |V| we have calculated the thermal LSP abundance in the gaugino coannihilation 
region and discussed the phenomenology of gaugino searches at the LHC and cosmic ray 
experiments. In the calculation, we have taken the Sommerfeld effect into account. Here we 
summarize the phenomenology: 


• In the bino-gluino coannihilation region, the mass difference between the bino LSP 
and the gluino is typically 0(100) GeV. Search for the gluino with a rather long decay 
length plays an important role. 
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In the wino-gluino coannihilation region, the wino mass can be as large as 7 TeV. The 
monochromatic gamma-ray search is important. 


• In the bino-wino coannihilation region with the bino LSP, the mass difference between 
the bino LSP and the wino is typically 0(10) GeV. Long-lived neutral wino search at 
the LHC is important. 

• Phenomenology of the bino-wino coannihilation region with the wino LSP is the same 
as that of the purely anomaly mediated case with the wino LSP. 

Finally, we stress that the observation of gauginos is important not only for testing the 
heavy sfermion scenario, but also for investigating physics beyond the MSSM. Within the 
MSSM, the relation between the masses of gauginos are restricted; for example, it is difficult 
for the gluino to be light (see Fig. |^. If gaugino masses deviating from the prediction of 
the MSSM are observed, it indicates the existence of physics beyond the MSSM. 
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Appendix A: MSSM Higgs 

In this section, we calculate the minimum of the MSSM higgs potential and the mass 
spectrum of MSSM higgses, following Ref. UST]. 
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1. Minimum of the potential and tan/3 


Let us first find the minimum of the MSSM higgs potential. At the tree level , the 
potential of the up-type higgs Hu = {hu,hu)'^ and the down-type higgs is 

given by 


V{Hu,H,) 


(|/i|2 + m^J (|h°p + |h+p) + (|/i|2 + mjjJ {\h^f + \h^ p) 
+ [bn - hlh°a)+h.c.] 


da"+ 9'" 


) {\hl\" + \Kd - \hd\" - \K \"Y + 


\hX + hlh-/\",m 


where fx, bn, g and g' are the higgsino mass, the soft scalar squared masses of 

the up-type and the down-type higgs, the holomorphic soft mass, the SU{2)l and U{1)y 
gauge coupling constant, respectively. 

By an U (1)pq rotation, we take 6^ > 0 without loss of genericity. By the SU (2) l rotation, 
we take (/i+) = 0. Then = 0 obviously. For = h'^ = 0, the potential of and 
is given by 




(Ifip + my) + (l^r + my) + h.c.) 

+i(y + 9 '")(l<P-|ftX)t 


For the potential to be bounded from below along the D-flat direction |h°| = 
should not be too large; 


(A2) 
|A“I. ’>H 


2bH < 2 yp + my + my. 

Also, for the quadratic term to be tachyonic at the origin, it is required that 


(A3) 


bu > {W + ■ (^4) 

We denote the VEVs of and as (/i°) = Vu = usin/3/v^, (/i°) = Vd = vsmP/y/2. 
Since bn > 0, VuVd >0. By a f/(l)y rotation, we take Vd > 0. We use a convention where 
0 < /3 < 71/2. 

The minimization condition dV/dh^ = dV/dh^ = 0 requires that 

2 

+ Ihl^ “ &HCot/3 - ^cos(2/3) = 0, 

2 

+ IhP ~ bnianP + ^^cos(2/3) = 0. (A5) 

2 
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Here, we have used the relation v^ + v'^ = v'^/2 = 2m\/{g'^ + g'‘^). From Eq. (A5), tan/? and 
m| are given by 


sin(2/?) = 


26 


H 




m 


mr. = 


Hu 


m 


H, 




(A6) 

(A7) 


L 7 _ _ 

Vl-sin2(2/?) 

Note that tan/? is large if bn + 2|hP while tan/? = 0(1) if bn ~ + 

2 |hP. 


2. MSSM higgs mass 


The mass eigenstate of MSSM higgses, that is, the CP even neutral scalars and the 
CP odd neutral scalar A°, the neutral would-be Nambu-Goldstone boson G°, the charged 
scalarand the charged would-be Nambu-Goldstone boson G^, are given by 



By the minimization condition, one can show that /?o = /?+ = /?. The masses of 
and H~^ are given by 


m^o 


mlo 


m]jo 

m]j+ 


26 


H 


sin(2/?) 
1 


= 21 




2 I 2 

HI AO + Hl^- 


- + m| - y {m% - mlf + 4m|m^oSin2(2/?) j , 

^ (ni\o +m\ + {m\o - hi\Y -F 4m|m^oSin^(2/?) J , 


(A9) 

(AlO) 

(All) 

(A12) 


The mixing angle a is given by 

sin(2a) m^o + Hif^o tan(2a) m\o + hi\ 
sin(2/?) — m^o ’ tan(2/?) m^o — hi\ 

We take a convention where — vr < a < 0. 


(A13) 
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Note that the mass of is bounded from above, 


m^o < m|cos^(2/?), 


(A14) 


where the bound is saturated for m^o S> m| or m^o = As we discuss in Sec. II A, this 
bound is evaded if the quantum correction by the SUSY breaking effect is large. 

Let us consider the decoupling limit, m\o ^ Then m\o — ^ 

Below the energy scale m^o, the higgs sector is expected to be described by the standard 
model higgs doublet. Indeed, a~/d — 7 r/2 in the decoupling limit and hence /i° behaves as 
the standard model higgs h. The mass of h is given by 


m\ = m|cos^(2/3). 


(A15) 


Appendix B: Review on supergravity 

In this section, we sketch the superspace formulation of supergravity. For detailed calcu¬ 
lations and discussions, see Refs. illDSl]. We follow the notation in Ref. |SI], except for 
the notation of complex conjugate (we use f). 

1. Gravity theory from local Lorentz symmetry 

Before constructing supergravity, let us construct the gravity theory from a theory with a 
local Lorentz symmetry. This construction enables us to easily include spinor representations 
of the Lorentz symmetry in the theory. The gravity theory is obtained from the theory with 
the diffeomorphism invariance and the local Lorentz symmetry, imposing torsion constraints 
and gauge-hxing the local Lorentz symmetry. 

We denote the local Lorentz vector index by a, 6, • • ■ and the coordinate (Einstein) vector 
index by m,n, - ■ ■. The inhnitesimal diffeomorphism and the inhnitesimal local Lorentz 
transformation of a Lorentz vector I/“ and a coordinate vector Um are given by 

5V^{x) = -C{x)dnV^{x) + V\x)L,^{x), (Bl) 

5Um{x) = -C{x)dJJm{x) - {dmC {x)) U„(a;), (B2) 

where and Lab = —Lba parameterize the the diffeomorphism and the local Lorentz trans¬ 
formation, respectively. The local Lorentz transformations of a undotted Weyl spinor -0" 
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and a dotted Weyl spinor are given by 


= Sijh{x)L^ a{x), L^a{x) = aLab- 


(B3) 


Note that and 

We introdnce the vielbein held, which is a vector under the local Lorentz symmetry and 
the coordinate transformation, em‘^{x). Then we define the metric by 


Qmn — 


(B4) 


We use the vielbein to go back and forth between the local Lorentz index and the Einstein 
index. 

The connection associated with the local Lorentz symmetry uJmab = ~^mba is called the 
spin connection; 


DmV^ = 

js'^Umab- 


(B5) 


where "0 is a spinor held. The local Lorentz transformation of the spin connection is given 
by 


diOma — drriLa + Lc^ ~ Lfi^mc ■ 


(B6) 


One can check that the derivative in Eq. (B5) is covariant under the local Lorentz transfor¬ 
mation. 

The affine connection is obtained from the consistency of the covariant derivative of 
and E™ = as 


= e!:(8„e; + e‘). 


(B7) 


The curvature tensor is defined as the field strength of the local Lorentz symmetry, 


Rmnab “t“ ^mac^n b ^nac^m b' 


(B8) 


The Ricci tensor and the Ricci scalar are defined by 


f^ma Rmnab^ : -R Rma^ 


(B9) 
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In the gravity theory, the spin connection is an unnecessary degree of freedom. We 
eliminate it by imposing a covariant torsion constraint.^® The torsion is dehned by the 
covariant exterior derivative of the vielbein, 

(ie“ + A = T“, (BIO) 

where we have used the differential form to simplify the expression. The conventional con¬ 
straint is that the torsion vanishes identically. Then the spin connection is given by the 
vielbein as 


UJ. 


ab ^ 2p"[“(9r P ■ 
m ^\m^n 


d _ pn[a b]p 




(Bll) 


A theory with the diffeomorphism invariance is obtained by constructing an action invari¬ 


ant under the diffeomorphism and the local Lorentz transformation, and imposing Eq. (Bll) 


At this point, the local Lorentz symmetry is maintained. A part of the vielbein is gauged- 
away by the remaining local Lorentz symmetry. The vielbein 6^“ has 16 combonents, while 
the local Lorentz transformation is parameterize by 6 parameters. Lab = —Lba- Thus, 10 
components of the vielbein remain after gauge-hxing the local Lorentz transformation. Note 
that the number of components is the same as that of the metric gmn- 
For example, let us consider a perturbation around a flat space; 


Cma hffiQ T h-aia- 


(B12) 


Then the transformation of the perturbation hma is given by 

^ma- (B13) 

By taking L^a = {hma — ham)/‘2, one can eliminate the anti-symmetric part of hma- 


2. Global supersymmetry 


a. SUSY algebra and superspace 


The SUSY algebra is composed of the translation Pm and the global SUSY transformation 


Qa and Their commutation relation is given by 


IQcQl] ^ 2-yZP. 


0/3 


(B14) 
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Instead of imposing a torsion constraint, one can construct the spin connection from the vielbein so that 
the constructed field transforms as a gauge field of the local Lorentz symmetry. 




The algebra is conveniently represented in the snperspace labelled hj z = {x^, 0", where 
6 *" and are Grassmann variables. In the snperspace, the representation of Pm, Q and 
is given by 

Q'“ = ^ (B15) 

A snperheld is a fnnction of the snperspace 2 ;. Component fields, which are fnnctions 
only of X, are defined by the expansion coefficients of the snperheld with respect to 6 and 
01. For a snperheld G{x, 9, 0l) = A[x) + 6x{,x) + • • •, the SUSY transformation law of G 
and its component is dehned by 

5^G{x, 0,0l) = (CQ + CQ^)G = 5^A{x) + e5a{x) + • • • , (B16) 

where C, is the parameter of the SUSY transformation. 


h. Chiral and vector multiplet 


The snperheld is in general a redncible representation of the SUSY. In order to constrnct 
a generic SUSY invariant action, it is necessary to constrnct irredncible representations. 
Here, we introdnce two kinds of the irreducible representation of the SUSY. 

For that purpose, we hrst introduce the following diherential operators, 

-0*“ = - Y - (B17) 

which satisfy 

Qlll} = {D, D} = {D\ = 0, {D^, Dl} = -2ia^^^dm. (B18) 


Chiral (or scalar) multiplets $ are dehned by a constraint, 

T>ld> = 0. 


(B19) 


Due to the anti-commutation relation in Eq. (B18), a chiral multiplet is transformed into 


a chiral multiplet by the SUSY transformation. Due to the linearity of the operator D\ 
a product of chiral helds is again a chiral held. For a general snperheld Y, the following 
snperheld is chiral. 




(B20) 
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due to the anti-commutation relation in Eq. (B18). 

The real (or vector) multiplet V is dehned by the constraint 


V = V'. 


(B21) 


From the dehnition of the SUSY transformation in Eq. (B16), a real multiplet is transformed 
into a real multiplet by the SUSY transformation. 

There is a convenient coordinate system called the chiral coordinate, which is convenient 
for the calculation involving chiral superhelds. Consider a coordinate system {y, 6, 01), where 




(B22) 


In this coordinate system, D, D\ Q, are given by 

D = =_ — 

“ 90 “ ““ dy^' del' 

90" 90t dy^ 


(B23) 

(B24) 


Then the dehnition of chiral helds in Eq. (B19) is simply stated as an independence from 0l 


in the chiral coordinate. Chiral helds are in general expressed as 


^{y,e)=A{y) + y/2ex{y) + e^F{y). 


(B25) 


c. SUSY invariant action 


For a given superheld, the SUSY transformation law of its highest component is a total 


derivative, as can be seen from Eqs. (B15) and (B16). Then, for a given real superheld 


U(a;, 0,0l), the following action is SUSY invariant and hermitian. 


dW0d20V(a:,0,0l) = / d®zU(x,0,0l). 


(B26) 


We refer to this type of Lagrangian term as “D terms”. The kinetic term of a chiral multiplet 
$ is, for example, given by 


= / d®z<hi<h. 


(B27) 


Also, for a given chiral held, its 0^ component transforms into a total derivative by the 


SUSY transformation, as can be checked using Eqs. (B16), (B24) and (B25). Then for a 
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m 

y 


1 

0 

-1 

U{1)a 

1 

-2 

-3 


TABLE III: Formal charge assignment of <I>, m and y. 


given chiral superfield Sly, 6), the following action is SUSY invariant and hermitian, 


(Txd 9'EW + h.c. = / (TzE + h.c. 


(B28) 


We refer to this type of Lagrangian term as “F terms”. A mass term of a chiral multiplet 
$ is, for example, given by 


+ h.c.. 

2 


(B29) 


d. Non-renormalization theorem 


In the supersymmetric theory, so-called the non-renormalization theorem holds. It states 
that parameters of F terms are not renormalized by perturbative quantum loop corrections."^^ 
The non-renormalization theorem can be proven by a diagrammatic method [1]. Here, we 
show an intuitive proof of the theorem by the holomorphy |168] . 

To be concrete, consider the following tree-level Lagrangian, 

/d«. 

where is a bare chiral multiplet and Zb, ms, \b are bare constants. We formally promote 
the constants m and y to background (i.e. non-dynamical) chiral multiplets, mB{y,0) and 
In the end, we turn-off their y and 9 dependence. Similarly, we promote Zb to a 
real multiplet. Then the action has a formal U{1)b symmetry and a U{1)a symmetry shown 
in Table [ml 

After quantum corrections are taken into account, the Wilsonian effective action becomes 


C = 


^zZb^^ 


B 


^B + 


1 

3' 


-rriB^B + o^B^% 1 + h.c. 


(B30) 


C 


d^zZr^^^^B + 


J d® 2 ;m(mB,As,$B)+ h.c. 


(B31) 
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Precisely speaking, there is a renormalization scheme such that parameters of F terms are not renormal¬ 


ized. 
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where Z^. is now a renormalized one. Here, W is a function of ttib, and ^b- W cannot 
depend on their conjugate and Zb due to SUSY. 

Let us determine the form of W from the U{1)b and U (1)^ symmetry. A function of 
Xb and $5 consistent with the symmetries are in general given by 

Ck X (B32) 

where c and k are constants. The theory should be regular in the limit A^ —)■ 0. Thus, k is 
a non-negative integer, k = 2,3, ■ ■ ■ leads to negative power of m, which corresponds to tree 
level exchanges of <h. Such terms are absent as long as the cut of the Wilsonian effective 
action is larger than the mass of <h. Thus, W is in general given by 

W = comB<h| ciAB<h|. (B33) 

In the limit Ab —)■ 0, the action asymptotically approach to the bare action. Thus, it is 
required that Cq and Ci coincide with the constants in the tree-level action, cq = 1/2 and 
Cl = 1/3. This shows that niB and Xb are not renormalized in a perturbation theory. With 
similar techniques, one can show the non-renormalization theorem for other theories. 

3. Supergravity 

a. super-diffeomorphism and super loeal Lorentz symmetry 

The construction of supergravity is parallel to that of gravity, but done in the superspace. 
We denote the coordinate of the superspace by , 6^, . The reparameterization 

invariance about the super coordinate is called the super-diffeomorphism invariance. 

The vector and the spinor index of the Lorentz symmetry is denoted by a,b, - ■ ■ and 
a, (3, - ■ ■, respectively. The Lorentz indices are collectively denoted hj A, B, - . The local 

Lorentz symmetry is now extended to the superspace and is parametrized by functions of 
the super coordinate. We refer to the extend local Lorentz symmetry as the “super local 
Lorentz symmetry” 

This terminology is not common, but we use it to separate the extended local Lorentz symmetry from an 
ordinary local Lorentz symmetry. 
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The infinitesimal super-diffeomorphism and the infinitesimal super local Lorentz trans¬ 
formation of a Lorentz vector and a coordinate vector Um are given by 

SV^(z) = -^^(z)djvV^(z) + V^(z)LB^(z), 

6 Um{z) = -^^{z)dNUM{z) - {dM^^ (;2)) Un{z), (B34) 

where and Lab = —{—)^Lba parameterize the super-diffeomorphism and the super local 
Lorentz transformation, respectively. 

Supergravity is obtained from the theory with the super-diffeomorphism invariance and 
the super local Lorentz symmetry, imposing torsion constraints and fixing gauges.'^® 


b. Vielbein, connection and torsion constraint 


The super vielbein and the super spin connection are the basic ingredients of supergravity. 
The super vielbein field is a superfield with a superspace Einstein index M and a local 
Lorentz index A, Em^{z). The super vielbein is used to go back and forth between the local 
Lorentz index and the Einstein index. The super spin connection is the connection 

associated with the super local Lorentz symmetry, 

T^mVa = QmVa — (Pma^Vb, (B35) 

where T> is the superspace covariant derivative and Va is a superfield with a local Lorentz 
index A. The field strength, or the curvature, is defined by 

Ra^ = dct>A^ -f (B36) 


Since the super vielbein and the super spin connection include too much degree of freedom, 
we impose torsion constraints to obtain the supergravity with minimal contents, namely the 
graviton and the gravitino. The torsion is defined by the covariant exterior derivative of the 
super vielbein. 


= dE^ + E^c 


(B37) 


The super-diffeomorphism and the super local Lorentz symmetry are linear in fields. On the other hand, 
after the gauge fixing, the remaining symmetries are non-linear in order to preserve the gauge conditions 


see Eq. (B46)). It would be possible to directly construct the resultant theory with symmetries non-linear 


in fields, but it would be much simpler to start from a theory with all symmetries linear in fields. 


73 




It is known that the following constraints are appropriate ones [5T], 



(B38) 


where a denotes either a or a. Note that the constraint preserves the super-diffeomorphism 
and the super local Lorentz symmetry. 

With the torsion constraint, covariant superhelds, namely the torsion and the curvature 
are expressed by the superhelds i?, Gaa and satisfying the following conditions |5T], 


_ 0 , {Gaa)^ — Gael) — 0 , 



(B39) 


with being symmetric in its indices. 

c. Supergauge transformation 

The supergauge transformation is a combination of the super-diffeomorphism and the 
super local Lorentz symmetry which is covariant under the super-diffeomorphism and the 
super local Lorentz symmetry. It is just a convenient rearrengement of the symmetries. 

A superheld with a Lorentz index transforms under the super-diffeomorphism and the 
super local Lorentz transformation as 


SV^{z) = -^^{z)dMV^{z) + V^{z)LB^iz) 

= + V^Lb^. 


(B40) 


If one takes held-dependent Lb"^ such that 




(B41) 


the transformation of is given by 


5 ^ 1 /^ = -^^VbV^. 


(B42) 


We refer to this transformation as the supergauge transformation. 
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d. Gauge fixing and supergravity transformation 


With the supergauge symmetry and the super local Lorentz symmetry, many components 
of the super vielbein and the super spin connection are gauged away. We keep the lowest 
component {6 and 6"^ independent part) of the supergauge symmetry and that of the super 
local Lorentz symmetry unused in order to manifestly preserve the diffeomorphism, the 
supergravity (explained below) and the local Lorentz symmetry. Higher components are 
used to eliminate gauge degree of freedoms. Especially, the lowest component of the super 
vielbein and the super spin connection are cast into the form. 


a 1 


Em^\ = 


2^' 


« .t\ 

m 2 rTna 


(j^mA I — ^mA i — 


0 


B 


— 


0 

B, 


/ 

= 0 , 


(B43) 


where X\ denotes the lowest component of the superheld X. uJmA^ is the spin connection 
which is expressed by the vielbein 6^“ and the gravitino due to the torsion constraint. 
The torsion, curvature and covariant derivative, out of which an action is constructed, are 
expressed by the following helds. 


: vielbein, '■ gravitino, M : auxiliary scalar, ba : auxiliary vector. 


which we collectively refer to as the supergravity multiplet. Here, M and ba are dehned by 

R\ = -Im, Ga\ = -ha. (B44) 

0 3 

A supergravity transformation is a combination of the supergauge transformation and 
the super local Lorentz symmetry with parameters. 


ri = o, ri = c, lab \ = o , 


(B45) 


and higher components are chosen so that the gauge condition in Eq. (B43) is preserved. 
By a small calculation, the supergravity transformation is determined as 


r (;^) = C{x), C{z) = 2z [9aX\x) - C(a;)a“ 0 t] ^ 
Lagiz) = J {9a [2 Ci3{x)M*{x) - bfiAf{x)C'f{x)] + (a O /?)} . 


(B46) 
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parameter 

see Eq(s). 

descriptions 

1) super-diffeomorphism 

2) super local Lorentz 

3) supergauge 

LAB{x.,o,e'') 

( 

( 

( 

B34 

B34 

B42 

) 

) 

) 

1) and 2) with LabU) 

4) supergravity 

5) diffeomorphism 

6) local Lorentz 

C{x) 

^^{x) 

Lafi{x) 

( 

( 

(B34 

CO 

—s-1 o 

) 

) 

B49) 

part of 2) and 3) 

part of 1) 

part of 2) and 3) 


TABLE IV: Summary of transformations 


It is at this point where non-linearily appears in the transformation law. 

Let us comment on the diffeomorphism and the local Lorentz symmetry. The diffeomor- 


phism preserves the gauge condition in Eq. (B43), and hence remains unchanged after the 


gauge hxing procedure. The local Lorentz transformation, on the other hand, does not pre¬ 
serve the gauge condition because it transforms as 5^" —)■ Thus, the local 

Lorentz transformation must involve a compensating supergauge transformation to preserve 
the gauge condition. The transformation of the super vielbein under the supergauge and 
the super local Lorentz transformation is given by 


6Em^ = -Vm^ - 


BM 


+ Em^Lb^- 


(B47) 


Especially, 

5E/I = I - (B48) 

Putting = 0 to avoid a mixing with the diffeomorphism, the compensating transforma¬ 
tion is given by the supergauge transformation with 


r(z) = 


(B49) 


So far, we have encountered various transformations. For convenience, we summarize the 


property of transformations in Table IV 
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e. Chiral and real multiplet 


Chiral superfields are defined by the constraint, 

= 0. (B50) 

Their components are defined by 

yl = $|, = F = (B51) 

For a given superfield X without local Lorentz indices, the following superfield is a chiral 
superfield, 

X (B52) 

Real superfields are defined by the constraint, 

Rt = V. (B53) 

/. Super-diffeomorphism and super local Lorentz invariant action 

Let us construct a super-diffeomorphism and super local Lorentz invariant action in the 
super coordinate Under the super-diffeomorphism and the super local 

Lorentz transformation, an Einstein and Lorentz scalar V (z) transforms as 

SV(z) = -^(z)^dMV(z), (B54) 

where ^ parameterizes the super-diffeomorphism. It can be seen that a mere integration of 
V{z) by f d ®;2 = J d‘^xd‘^9d‘^9'' does not yield an invariant action. 

In order to obtain the supergravity action, we consider the super determinant of the super 
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vielbein,®° 


E = sdet {Em^) . (B57) 

The transformation law of the snper vielbein is given by 

5Em^ = -^SnEm^ - [dM^) En^ + Em^Lb^. (B58) 

Then the transformation of E is given by 

6E = Ex str {Ea^SEm^) = -du {{-)^ E^ . (B59) 

The prodnct of an Einstein and Lorentz scalar V(z) and E transforms as 

<5 {EV) = -dM i^Ev) , (B60) 


which is a total derivative. Hence, the snper-diffeomorphism and the snper local Lorentz 
invariant action is given by 

j d^xd^Od^e^EV+ h.c., (B61) 

where V is an Einstein and Lorentz scalar. 


g. Chiral representation 


The expression of the action in Eq. (B61) is not convenient for practical calcnlations. 


One needs tedions calcnlations to expand given snperhelds by 9 and 9"'. Calcnlations are 
simplihed by constrncting an action in a chiral representation. A draw back is that a part 
of a manifest snper-diffeomorphism and snper local Lorentz invariance are lost becanse 


Consider a matrix At with bosonic and fermionic components, 

dab \ 


M = 


. Cab hJalz 


(B55) 


where Latin indices and Greek indices denote bosonic and fermionic indices. The super determinant is 
defined by 


sdetAf = 


detab-dab 


deta/3{Dai3 — Cabd ^^°’Bafi) 


(B56) 
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we construct an action in a gauge-fixed form.^^ A manifest diffeomorphism, supergauge 
transformation, and local Lorentz transformation invariance are maintained.®^ 

The chiral coordinate (x™, 0") is a coordinate system such that the expansion of a chiral 
scalar field $ is given by 

^ = A{x) + V2Q^Xc.{x) + Q‘^F{x). (B62) 

Then the supergravity transformation of chiral scalar fields is given by [51] 

= -r]^{x,Q)dM^, 

= 2iQa^C} -f • • • , 

t = C + ---, (B63) 


where the ellipses denote terms given by C, and the supergravity multiplet. Here and here¬ 
after, indices denote the chiral coordinate (a:”*,0“). In the flat limit, a global 

supergravity transformation (C“(a^) = const.) in the chiral representation reduces to a global 


SUSY transformation in the chiral representation (see Eq. (B24)). 

In order to construct an action invariant under the supergravity transformation, we dehne 
chiral densities. Chiral densities are functions of {x, 0) whose supergravity transformation 
is given by 


5A = -d 


’M 




M 


(B64) 


A product of a chiral density A and a chiral scalar 4) is also a chiral density; 


5(A4>) = Om h'^A® (-) 


Then, a supergravity invariant action is given by 


d^a;d20A4>. 




(B65) 


(B66) 


In order to achieve the diffeomorphism invariance, we consider a chiral density whose 
lowest component is a determinant of the vielbein, e = det (em“)- Such chiral density S is 


It might be possible to preserve the manifest super-diffeomorphism and super local Lorentz invariance by 
introducing compensator helds. 

Otherwise, one cannot eliminate the gauge degree of freedoms in the vielbein and the gravitino. 
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constructed by comparing the supergravity transformation law of the supergravity multiplet 


with Eq. (B64), 


2£ = e 


1 + iQa'ipl - 02 


(B67) 


Note that £ is scalar under the local Lorentz transformation. Apparently, the diffeomorphism 
of £ and <h is given by 


5£ = -d 


'M 




= r]^{x), r]^{z) = 0 . 


(B68) 


Then, an action invariant under the diffeomorphism, the local Lorentz transformation, and 
the supergravity transformation is given by 


dW02T<h + h.c.. 


(B69) 


For example, the Einstein gravity and the kinetic term of the gravitino are given by 


Aeg = / dW02^i? + h.c.. 


(B70) 


The kinetic term of a chiral scalar multiplet $ is given by 

Skin = - SRj 4*4 + h.< 


(B71) 


Appendix C: Super-Weyl transformation 

In this section, we summarize the super-Weyl transformation law of various superhelds 
and their components. 


1. Vielbein, connection and covariant derivative 

The super-Weyl transformation of the vielbein and the connection is the transformation 
of them such that 


6Em^ oc 


(Cl) 
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and the torsion constraint in Eq. (B38) is preserved. The snper-Weyl transformation of the 
vielbein is given by 


5Em^ = (E + St) Em\ 

6Em^ = (2St - S) Em^ + '-EM^ieaXaV^^E^ 

5Em^ = (2S - St) (C2) 

where S is an arbitrary chiral mnltiplet. The snper-Weyl transformation of the connection 
is given by 

= Em^^CB^ 1 

f^7a/3 = ~ {^'ya'Ep -|- e^pEa) S, + ^7/3^1^ St, 

^7a/3 ^70/3 0, 

n^ab = 2(a,6)/P^S, n^ab = -2{aab)%E^^\ 

^cafS = - E^ (S + St) , E’’ (S + St) , 

^cab = iVbJ^a - VaJ^b) (S St) . (C3) 


2. Supergravity multiplet 


The snper-Weyl transformation of the gravity mnltiplet is obtained by calcnlating the 


transformation of torsions from Eqs. (C2) and (C3). The transformations of the snperspace 
cnrvatnre R and the snperspace vector Gaa are given by 

6R = -4ER - ^ (T>t2 _ 8/?) St, 

= - (S + St) (S - St) . (C4) 

By taking the lowest component of Eqs. ( |C2[ ) and ( |C4[ ), we obtain the transformation 
law of component helds, 


= (S + St) |e™“, 

= (St - 2S) iV-a" - *drpt 
SM = -2 (2S - st) \M + ^T>t2j^t|^ 

Sbaa = — (S -|- st) \baa + ^iEaa (S — St) |, (C5) 


where em“, M and baa are the vielbein, the gravitino, the anxiliary scalar, and the 
anxiliary vector, respectively. X\ denotes the lowest component of a snperheld X. 
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3. Chiral multiplet 


The super-Weyl transformation of a chiral multiplet Q is defined by 


5Q = wQ, 


(C6) 


where w is the Weyl weight of Q. By remembering the definition of component fields, 


A = Ql = F = -^-V^Ql 


(C7) 


and the transformation law of the connection in Eq. (C3), we obtain 


5A = w'L\A, 

SXa 


(S - 2S^) |x„ -f- I) 


5F = 2 (S - 2S'^) \F - V2P"S|x„ + w'- 


-T>2 


(SQ) 


(C8) 


4. Vector multiplet 

The Super-Weyl transformation of a vector multiplet U is defined by 

5U = w'iT. + (C9) 

where w' is the Weyl weight of U. Then the transformation of the chiral projection of U is 
given by 

5 [{V^^ - 8R) U] = - 8R) [K - 4) + {w' + 2)E^] U (CIO) 


5. Gauge multiplet 

The super-Weyl transformation of a gauge multiplet V is defined by 

SV = 0. (Cll) 

Then the superspace helds strength dehned by 

Wa = -^ - 8R) {e-^^Vy^) , (C12) 
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transforms as 




(C13) 


From the definition of component fields, 


A“ = ^iy“|, D = -^V^Wo.l = 


and Eq. (C3), we obtain 


V 


^Aq, = —3S|Ao, 

5D = -2(S + St) \D, 


(C14) 


(CIS) 


6. Transformation with a fixed chiral coordinate 

We may also consider the snper-Weyl transformation of chiral snperhelds with hxing the 
dehnition of the chiral coordinate (x, 0) while transforming components fields according to 


Eqs. (C5), (C8) and (CIS). This transformation is convenient when the snpergravity action 


is given in a chiral coordinate. 

The expansion of the chiral density £ is given by 

1 


T = -e + i0cT“V’^ ~ • 


We dehne the transformed chiral density £' by 

1 


£' = -e' (l + *0a>4 _ 02 , 


(C16) 


(C17) 


where X = X' + 6X for a component held X. Then the transformation of £ is written as 


6 £ = T - T' = 6ST + 


d 


de^ 


(5“T), 


5“ = 0“ (2S^ - E) I + 02T>“S|. (C18) 

In the similar way, we obtain transformation laws of R, Q and the chiral projection of U as 

(C19) 


6R = -4ER - ^ (T>^2 _ _ S'^^R , 

/I V ; QQa 


6Q = wSg - 


d 


dQ< 


Q, 


d 


6 [{V^^ - 8R) U] = _ 4) + ^ 2)St] U - 5“^ [{V^^ - 8R) U] 

The transformation given in Eqs. (|C18) and (C19) is the one we nse in Sec. 
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Appendix D: Super-diffeomorphism invariant measure 


In this appendix, we show that the measure given in Eq. (47) is invariant under the 
super-diffeomorphism.^^ 


1. Diffeomorphism 


Before discussing supergravity, we construct the diffeomorphism invariant measure of a 
real scalar field 4>{x) and a Weyl fermion 'ip{x) [169] , Under an infinitesimal diffeomorphism, 
0, '0 and a vielbein 6^“ transforms as 

(j){x) (j)\x) = (j){x) - C{x)dn4>{x), 

l/j{x) —>■ -iIj'{x) = %l){x) — C{x)dni>{x), 

em^{x) e™“'(a;) = e™“(a:) - C'{x)dnem^{x) - {dmC (a^)) en{x), (Dl) 

where parameterize the diffeomorphism. Then the determinant of the vielbein e = 
det(em“) transforms as 

e(x) -)■ e'{x) = e(x) - dm {^"^e{x)) . (D2) 

Let us first discuss the measure of the scalar 0(x). In order to define the path-integral 
measure, we consider a complete set {4>n} normalized as 

j d^X(f)m{x)4)n{x) = 6nm- (D3) 

The following field, 

0 = (D4) 

transforms under the diffeomorphism as 

0 ^ 0' = 0 - r5m0 - ^ {OmD 0- (D5) 

We expand 0 by {0n}, 

= X]an0n(a^), (06) 


As we have mentioned in Sec. 


IIIB 


the “super-diffeomorphism” given in Eqs. (45) and (D18) is not the 


full super-diffeomorphism, but a part of it. 
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and define the path-integral measnre by 


[D^]=l[dan. (D7) 

n 

Let us calculate the Jacobian in the transformation of the measure. a„ and a' are related 


by 


= J (rx(j)'{x)(j)n{x) 
= an- d'^XCpnix) 


c{x)dm^{x) + -{dun^i^) 


Snk - / d^X(j)n{x) < ( 2 :)) \ (pkix) 


— {,^nk J“ ^^nk}^k- 




(D8) 


Then the Jacobian is given by 


rjda; 


InJ = 


dcini ^ 

m 

In det(Jnfc + Mnk) = tr(M„fc) 

-J2j d^xMx) [r{x)drn + ^ {dmr {x)) 

n ^ 

^ j d'^xdmi^'^Mnix)} 


(D9) 


(l>n{x) 


1 

'2 


= 0 . 


(DIO) 


In the last line, we have assumed that ^"^{x) vanishes sufficiently fast at inhnity. We have 


shown that the measure given in Eq. (D7) is invariant under the diffeomorphism. 


For later convenience, we show the invariance of the measure in a slightly differrent way. 


The transformation of the measure in Eq. (D7) is given by 

5 ^'{x") 


[T>0'] = JJ[d0'(a;)] = JJ[d0(a;)]Det, 


S(j){x') 


= [D0]Det,i 

= W]j, 

InJ = —TTr'7 


l-r{x)dn.--dmr{x) 


{x' — x) 


C{x)d^ + ^{dmC{x)) 


{x' — x) 


d^xd!^x'6* (x' — x) 


C{x)dm+ ^{dmC{x)) 


6 ^ (x' - x). (Dll) 
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The product of delta functions is handled by the completeness relation, 


= S‘‘(x' - x). 


(D12) 


By replacing one of the delta function in Eq. (Dll), we obtain In J = 0. 


Similarly, the diffeomorphism invariant measure of the Weyl fermion is given by 

(D13) 

(D14) 

The diffeomorphism invariance of the measure can be proven in the same way as the case of 


the scalar. A crucial difference is that the cancellation like that in Eq. (DIO) occurs between 
the contribution from [Dil^] and [Dxjj^. 

Finally, we show the diffeomorphism invariance of the measure [D0] from a very dehnition 
of the path-integral measure. We dehne a path-integral measure of scalar helds by 


[DC]exp 


^lA f d‘^xC{x)‘^ 


= N, 


where A and N are constants. Then the measure [D0] satishes 


[D0]exp 


-iA / dL^x(j){x)‘^ = I [D0]exp 


-iA / d^a:e0(x)^ 


= N. 


(D15) 


(D16) 


Since the exponent as well as N are diffeomorphism invariant, the measure [Dcp] is also 
diffeomorphism invariant. 

2. Super-difFeomorphism 


Next, let us discuss the super-diffeomorphism invariance of the measure in Eq. (47), 

IBOdisl = \D{2e)''"-Q\ 


(D17) 


Under the transformation given in Eq. (45), 


Q ^ Q' — Q — r]^{x, Q)dMQ 5 

= £-ti^{x, Q)dM£ - {OmV^ (x, ©)) , 

the variable Qdis transforms as 


(D18) 


Qdiff —^ Qdiff ~ Qdiff — 0)^MQdifr — {x, 0)) QdiS ■ (D19) 












Then, the path-integral measnre [-DQdifi] transforms as (see Eq. (Dll)), 


[DQdig] = [DQdis] X ew[sT^T^z',zO{z',z)] , 
0{z',z) ^ 


V^dM + -{-ir{dMV^) 


sTr 0{z', z) = / d^zd^z'5^{z' - z)0{z\ z) . 


6\z'-z) , 


(D20) 

(D21) 

(D22) 


where we have collectively represented x and 0 by A naive conclusion is that the super¬ 
trace vanishes due to the saturation of Grassmann variables 0 and 0' from the delta func¬ 


tions in Eqs. (D21) and (D22). However, since there is also a factor of S^{x' — x), which is 


well-dehned only after integrating over x or x', one should carefully investigate the integra¬ 
tion. 

To examine the the integration, let us expand the delta function by plane waves, 

d^k 


S^(z'-z) = 


j (2vr)^ 
d!k^T-{z) = exp(iA:a;-|-2ir0) 


(fTd!_k-T{z')d!kAz) > 


(D23) 

(D24) 


By substituting this expression into Eq. (D22), the above super-trace is expressed by, 

d^k 


sTtO{z',z) = - dA 


(2i) 


■d 


’fdM + 5(-)" 


4's,x(z) . (D25) 


Now, let us notice an identity, 

[ d^zd/kAA 


du + / d^zdMAk,rj{z)T]^dIk,n{z)] 


= 0 , 


(D26) 


where we have used the property that an integration of a total derivative vanishes. By using 
this identity several times, the super-trace can be rearranged as 


.Ti-0(z',z) = A 


[z) + d!_k-T (z)) 


+ A-)^ 


Ak,r (Z) + d/_k,-r (Z)) 


= j j ^:^dAdM[{d/k,r{z) + d/_k,_^{z))r]^ {dfk,r{z) + d/_k,-r{z))] 


= 0 . 


(D27) 


This shows that the measure given in Eq. (47) is actually invariant under the super- 


diffeomorphism. It should be noted that the transformation law in Eq. (D19) is crucial to use 
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Eq. (D26), and hence, the snper-diffeomorphism invariance does not hold for measnres with 


different weights [D{2S)'^Q] {n ^ 1/2). In fact, the snper-diffeomorphism transformation 
of [D{2S)"'Q] (n 7 ^ 1/2) is accompanied by Konishi-Siznya anomaly |127j . This argnment 
provides an snperheld expression of the argnments in Ref. |169j reviewed in the provions 
snbsection. 

As is the case with the diffeomorphism invariance, there is a qnicker ronte to show the 
snper-diffeomorphisim invariance of [/IQdifr]- The path-integral measnre of snperhelds in 
the chiral snperspace is defined by 


-A / d^zC^ = N , 


J [DC']exp 

where A and N are normalization constants. Then the measnre [DQdifr] satisfies 


[T>Qdifr]exp 


2 / 


= / [DQdiffjexp 


- / d^z2SQQ 


= N . 


(D28) 


(D29) 


Now, since J d^z2SQQ is invariant nnder the snper-diffeomorphism as Q is a chiral scalar 
mnltiplet, so is the path-integral measnre [DQdifr] = [D{28Y^‘^Q]. 

In fact, nnder the snper-diffeomorphism. 


— (5sdC , Q' — Q — 5sdQ , 


(D30) 


we have the following identities 

N= /'[D(2T)^/^Q]exp 


= / [D (2Ty^^ Q'jexp 


= /[D(2T')'/'Q']exp 


- / d^z2£QQ 


-jd^z2£'Q'Q' 
f d^z2£QQ 


(D31) 


Here, the second eqnality is jnst a change of variable. We have nsed a snper-diffeomorphism 
invariance of the exponent in the third eqnality. Thns, from these identities, we hnd that 


[D {2£f^^ Q'] = D[{2£f^ Q] , 


(D32) 


which again shows the snper-diffeomorphism invariance of the measnre [DQdiffj- In the same 
token, we can derive the snper-diffeomorphism invariance of the measnre of a scalar mnltiplet 
1/ in a real snperspace. 


[DRdiff] = [DD^/V] . 


(D33) 


















Appendix E: Anomaly mediated gaugino mass in SUSY breaking with singlet 

In this section, we discuss the anomaly mediated gaugino mass when SUSY is broken by 
F terms of singlet chiral helds. 


1. Classical action 


We start from the supergravity action with the super-Weyl compensator U, 

C = j d'^Q 2S^ - 8R) CC^exp [-K/3] + ^ j d^© 2£ W'^Wa + h.c.. (El) 

Here, we take the unit with Mpi = 1. We parametrize the components of C as 

U = 0 + y20x + 00F, (E2) 

in the chiral coordinate. Note that these components are gauge degree of freedoms, and we 
can freely choose them. 0 can be used to choose the frame of gravity theory. The most 
convenient choice is. 


</> = exp|A76], 


(E3) 


which yields the Einstein frame gravity, y can be chosen in order to remove mixings between 
the gravitino and chiral matter helds. 

In order to hnd a convenient choice for F, let us solve the equation of motion of the 
auxiliary component of the gravity multiplet and the chiral matter multiplets, M and F*. 


From Eqs. (38), (53) and (El), Lagrangian terms which depend on M, F* and F are given 
by 


^-1 


C = 


I^F.iF'F^t - 3|F --0F,Ff 




+0t(F - ^0F,FOM + 0(F - 
+ [3(j)'^FW + (t)^WiF^ - M^(t)^W + h.c.] 


(E4) 


By solving the equation of motion of M and F*, we obtain 


M 

F* 


3(0^)"^ (F^ - - KiF~^^ 


10 + K-jW^ 


(E5) 

(E6) 
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In this formulation, it is NOT necessary to solve the equation of motion of F, because it is 
a gauge degree of freedom. 

We take a gauge in which M = 0, that is, 

F = + -(j)KiF\ (E7) 

3 

This choice simplihes calculation and hence is frequently adopted in the literature. In the 
gauge where 0 = exp(F/6) and M = 0, F® and F are given by 


F® = + K-.W^ 


F = 

We adopt this gauge in the following. 


e^/2ppt + 

3 




”> 3/2 + 


(E8) 

(E9) 


2. Anomaly mediation from the compensator 


Note that the Lagrangian in Eq. (El) possesses the following formal super-Weyl symme¬ 


try, 


C = e-2^F, 

E' = e^^E + ■ • • , 

R! = (F>t2 _8F) 

8 

w'" = e"^^IE“ 

Q'^ = Q\ 

V'^ = + ■■■ . (ElO) 


This symmetry must be anomaly free. Otherwise, one cannot gauge away the super-Weyl 
compensator C to come back to the original theory without C. 

To see the anomaly of the formal super-Weyl symmetry, let us consider the part, 

Tj = ia where a is a real constant. Fermion parts of the chiral multiplet, y®, and the gaugino 
A transforms as 

tL = = e=“"xd, 

A'„ = \W'„\ = e-“”A, 
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(Ell) 









This transformation is anomalous; 


1 


ASano = a d X 


327r2 


^abcd rpA jpA . . 
^ah^cd X 




(El 2) 


where Tg and Tj are the Dynkin index of the adjoint representation and the chiral multiplet 


Qh respectively. In the superspace, Eq. (E12) is expressed as 


A5ano = ^a j dW02T^^lE^“lE,^(3TG-3 5^T,)+h, 


c.. 


(E13) 


This anomaly is cancelled by adding a counter term 

1 


= 


2567r2 


dW02£lnC'fE^“lT^(3TG - 3 ^ T^) + h.c., 


(E14) 


whose variation under the symmetry cancels with Eq. (E13) 


54 


Finally, let us separate the chiral multiplets from the super-Weyl compensator by a 
transformation 


q: = c'Qh 


(E16) 


This transformation is anomalous. 


d]J‘^Sc 


A^, =-^ 

1287r2 


WWd = [DQlWne 

d^xd^mSlnCW^^W^ + h-c.. 


(E16) 


Adding Eqs. (E14) and (E16), we obtain 

1 


A^ = 


2567r2 


dW02TlnC'lE^“lE„"^(3TG - + h. 


c.. 


(El 7) 


From Eq. (E9) and (E17), the gaugino mass from the F term of the super-Weyl compen¬ 


sator is given by 


(MA/y)sw = ^(5^r,-3rG) 


"^3/2 + 


(E18) 


When SUSY is broken by F terms of singlet chiral fields, (KiF^) = 0 ( 7713 / 2 ) in general. 


This counter term is induced by the anomaly of the super-Weyl transformation performed to introduce 
the super-Weyl compensator. 
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3. Anomaly mediation from SUSY breaking field 


Let us consider the coupling of F terms of SUSY breaking fields with Q\ in the Kahler 
potential. We denote the SUSY breaking fields and their F terms as and F^. From 


Eq. (El), couplings between the F terms and Q\ are given by 




{ 1 - ^KjF^e^ - ) + K.jjF^e^ + 


. (E19) 


Here, Q* is a chiral multiplet while iFjj, Kj and K^jj are lowest components of the corre¬ 
sponding superfields. Then canonically normalized fields are given by 


Qi = QiuH’"- 


1 - U'jF'od 4' + u'‘‘utKfj,F'ui‘c;^'H'^ 


(E20) 


where U is the unitary matrix and Ck are positive real constant. Canonicallization induces 
the F term of the gauge kinetic function, 

U^DQI] = l[[DQl] X 


(E21) 


1287r2 




-KjF^J2w^ + 5^T,(ln detK,j)iF^9^ 


lU^"lU^ + h.c.. 


Here, we have used the identity 


In detki 


6k^ + 

= tTkl 


= trill 


kl 


4' + Kq,F‘u'^'c;''^e^- 




= (tr lnKfj)iF^9‘^ = (In detA-)jF^0".(E22) 


Io2 


Then the gaugino mass is given by 

1 1 


(Ma//)susy = ^^K,F‘ detA'y),f 


Stt^ 


(E23) 


We note that it is crucial to start from the path-integral measure [DQ^]. If one starts from 


measures [DQ^f [Z)] with a generic function /, one obtains different results from Eq. (E23). 
Assuming the measure adding Eqs. ( |E18[ ) and (E23), we obtain 

Y Y - Ta)K,F‘ - U ^ TXn detK^),F\ 


(E24) 


which is consistent with Ref. uni. 
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Appendix F: Annihilation of gluino 


In this section, we derive the leading order annihilation cross section of the gluino used 


in Sec. VB We formulate the Sommerfeld effect with the non-relativistic effective theory of 


the gluino. 


1. Non-relativistic effective action 


Let us first derive a non-relativistic effective actin of the gluino. We assume that squarks 
are heavy enough that they do not affect the interaction of the gluino except for its decay. 
The interaction of the gluino with the gluon is described by the action, 


S = / d-i - M)G“ + 


(FI) 


where 

F;^^a,G:-a,G;+g,r'“G‘‘^G:, (F2) 

and M and Qs are the mass of the gluino and the SU{3) gauge coupling constant, respectively. 
Here, we have taken the Feynman -’t Hooft gauge and the gluino is expressed as a Majorana 
field. Ghost fields are irrelevant for the leading order calculation. 

In the calculation of the annihilation of the gluino, the time-like degree of freedom of the 
gluino field and the soft degree of freedom of the gluon field do not appear in external lines. 
By integrating them out, we obtain 


Sm = / d^x 


- \(aG‘‘f- + \G(i$ - M)G“ + |g,r’“G>‘G' 


-^d 


dVdy [ - {y)0‘{y)SF(v - x)4 (x)a‘{x) 


—d 


—b 


xalnno {y)y^G‘(y)D‘‘;(y - x)G {x)',,G‘(x) 


where 


Spiy-x) = 


-x2_M^ + te 


D^p{y-x) = I (Tpe 

J soft 


time-like P 

+ ie 


In the Dirac representation, the non-relativistic gluino field y is defined by 

I a\c 

X ttx VA. ) 

: V-f 7 . 

2 M' 


Qa _ I /\. ■ ' 2M 

.^irat(^.a\c _ a 

VA ) 2 M ^ 


(F3) 

(F4) 

(F5) 

(F6) 
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where the charge conjugation is dehned by 


= iAxr 


(F7) 


By substituting Eq. (|F 6 |) into Eq. (|F3|), we obtain 
5efr = f d^x 


d 


[ dtd^xdV(1 + M||x - y||) -r^J^^^G^\^,t)G’’^{y,t) 

J l|x-yr 2 


X 




ikj „-2im.t ( I 


+ [ dtd^xdV7/“''7“'^'^^^ 
J 4 ||x-y|| 


(F8) 


X^t(x, t)(x'^)'=(y, t)ixr\^, t)x^iy, t) - x''^(x, t)a*(x'^)'^(y, t)(7)‘=t(x, t)a*7(y, t) 

Let us replace a pair of gluinos with a two body state held. We introduce auxiliary helds 
by inserting the identity, 


1 = J[D(j)'^^][Ds'"j^^'^]exp ^ J dtd^xd^y(j)'^^{x,y,t) 

X X, t) - t)a^(x^)'^(y, t)) , (F9) 

and its conjugate. Here, R indicates representations of SU{3) and denotes indices of the 
representation R. G'^^ are the Clebsch-Gordan coefficient for a decomposition Ad ® Ad —)■ 
1 © 87 © 85 © 10 © 10 © 27. By integrating out y, s, and their conjugate, we obtain the 
effective action. 


cNR _ 
^eff — 


/d7 [-\F;^Fr -\{dG<^f] 

ER,a«,^/d 7 d 7 + S + S - VR(r)) 0 ^"«(r,x) 

+0^“«^(r, x)D^j^ (r, x) + (r, a;)Zl^“^(r, x) 


(FIO) 
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where 


VR(r) = Cr—, 


(Fll) 


= - (C^iR) - C2{Ad) - C^iAd)) = 


-3 R = 1 


■I ^ = 8 


0 i? = 10 
+1 R = 27, 


(F12) 


D°“«(r,a;) = (F13) 

x) = 6RsJanJHr)tg,V3e^^^^G‘^\^ + t) (F14) 

+ Mr)e™‘cHC“,»pG“(x + i)G'''(x - ^, i) 

+rJG“J(x + ^, i)G“(x - ^, i) - r‘G“(x + ^ () ■ G‘(x - ^, i)l. 

(p^ and 0® correspond to a pair of gluinos with a spin 0 and 1, respectively. Accodring to 
Landau-Yang’s theorem |17n[ll71j . a spin-one state cannot decay into two gluons. Therefore, 


the matrix element calculated from the second term in Eq. (F14) should vanish if the two 
gluons are on-shell. 

Let us take the annihilation of the gluino into account. Since we consider non-relativistic 
processes, the annihilation is dominated by s-waves and hence the annihilation is expressed 
by a local four Fermi term. 


R,0!R,IJ, 


where N = 2.®® With two body state helds, the Fermi term is expressed as 

j d^rd^a;(^^“«^(r,a;)2iF^;f(5(r)0^“«(r,a;) 


(F16) 


u R 

Let us calculate FY by matching tree level calculations of the annihilation cross section 


of non-relativistic gluinos with forward scattering amplitudes calculated from Eq. (F15), 
with an aid of the optical theorem. 


If the two body state is composed of Dirac particles, = 1 and the bilinear should be replaced as 

where -q is the field which creates an anti-particle. 
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For spin-0 states, annihilation cross sections are given by 


av{R, /i = 0 —)■ GG) = 


(fl = 1.8s,27) 


0 


(R = iA, 10, 10), 


(FIT) 


while those of spin-1 states are given by 

av{R, fi = i ^ uu, dd, ■ ■ ■) = 


6 X T^al (R = 8a) 


(F18) 


0 (otherwise). 

Note that spin-1 states do not annihilate into two gluinos, which is consistent with the 
Landau-Yang’s theorem. 

Annihilation cross sections are related with forward scattering amplitudes by the optical 
theorem for two body scatterings: 


ImM(GG GG) = -sav ~ 2MVn, 


(F19) 


where s ~ 4M^ is the center of mass energy. Here, M is the invariant matrix element 
normalized by 


< f\iT\i >= -pf)iM, 

with the Lorentz invariant normalization of one-particle states, 

<q|p >= 2 Ep( 27 r) 35 ( 3 )(p_q). 


(F20) 


(F21) 


With this normalization, the invariant amplitude calculated by the action in Eq. (F15) 
is given by 

lmM{R,p^ R,p) = 


Hence, F((^f is given by^® 


Khf = p^GGoi qq). 


Specihcally, 


p0,l _ 2 pO.Ss _ p0,27 _ ^^ 2 pi,8^ _ —a^ 

am 2M2 2M2 2M2 


(F22) 


(F23) 


(F24) 


Note the difference of the factor of 4 from the formula given in Refs. [14411172) . This is because we 
consider the annihilation cross section for a particular initial spin state while that in Refs. ]TM\TrI\ is 
the averaged one. Our treatment would be useful when one handles various color and spin states. 
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2. Extraction of s-wave component 


Non-relativistic annihilation processes are dominated by s-waves. Thus, it is useful to 
extract an s-wave component of a given initial state. For that purpose, we insert a complete 
set of asymptotic two body s-wave states. 


1 

< P',fc',A'|P,fc,A > 


^ J (27r)3 27rl^’^’^ 

(F25) 

{2n)^6^^\P-P')6{k-k')6xy, 

(F26) 


where P and k denote the total momentum and the relative momentum of the two body 
state. A labels the discrete quantum number of the two body state, such as the color and 
the spin, k is related with the relative velocity v hy k = Mv/2. In the following, we omit 
the index A to simplify notation. By inserting the complete set, the forward scattering 
amplitude of a state \i > by its s-wave component is given by 

/ d^P r\k 

— — \<^^k\i>\HM{P,k), (F27) 

< P', k'\iT\P, k >= (27r)V3)(P - P')6{k - k')iM{P, k). (F28) 

The state |P, /c > is constructed by 

|P> k >= j + k)4(Y - k)|0 >, (F29) 

where a)5,(p) is the creation operator of a particle with a momentum p and a quantum 
number a. is a coefficient to construct the quantum number A, which is normalized by 
= 5^^' ■ With a normalization 

{a„(p), a^(p')'^} = (27r)^5(^)(p - p')(5a/3, (F30) 


it can be shown that the normalization in Eq. (F26) holds. 

Let us consider the two-body state in the center-of-momentum system; 


\i >= |0,k >= 2EfcC^^aJ,(k)aJ(-k)|0 >, (F31) 

where = \/k‘^ + m? = a/s/2 ~ M. The state is normalized in the Lorentz invariant way 
and has a overlap with the state |P', /c >, 

< >= - k'). (F32) 
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By remembering that the total energy of the initial state is given by ~ 2M + 
we obtain 

91c 

6{k-k')^-6{P^-P^'). (F33) 

Hence, the forward scattering amplitude of the state |i > is given by 

M 

< i\iT\i > L = levr—iAf (0, k) X HT, (F34) 

k 

where VT = {2TTy6^^\P - P). 


3. Forward scattering amplitude and the Green’s function 


Next, let us relate M. with the Green’s function of the two body state helds, 
G(F';r,r') = i [ < T0(r, x)0^(r', 0) > . 


(F35) 


The relation is given by the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula jl73j 
we derive in this subsection. 

We start from the effective Lagrangian, 


S'eff = / d^rd'^a;0^(r,x) (idt + ^ + ^ - V{r) + 2i5(r)Fani) 0(r,x). 


(F36) 

As an asymptotic initial state, we consider the state with two free gluinos. Therefore, to 
derive the LSZ reduction formula, we hrst expand 0 by ignoring the potential and the 
annihilation terms. Further, since we consider only the s-wave state, we reduce (j) as 


, . . f dk k sinkr 

With this reduction, the effective Lagrangian is given by 

/ dk X k"^ 

We define the annihilation operator by 

/ r|3p p2 u2 

-iSp.,i+iP.X /p Epk = -+ — • 

(27r)3 ^ m M 

The conjugate momentum and the canonical quantization condition are given by 


(F37) 


(F38) 


(F39) 


5S, 


TTfclX) = 


eff 


d^P 


= Wk\^) = * 


h0fc(x) ' J (27r)3 

[(/)fc(x),7rfc/(|/)] \^o=yO = i27i6{k - k')5^^\x - y). 


(F40) 
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which requires 


[a(P, k), at(P', 4)] = (2ir)‘‘i®(P - V‘)5(k - k‘). 


(F41) 


It can be easily shown that the state, 


|P, k >= a^(P, fc)|0 >, 


(F42) 


satisfies the normalization given in Eq. (F26). Then the matrix element of the field 0fc(x) 
between the vacuum and the asymptotic two gluon free state is given by 


< O|0fc'(^)|P) ^ >= 27rS{k — k')e 


/N -ii?p tt+iP-x 


(F43) 


With the exactly same procedure as the derivation of the LSZ formula for relativistic 
field theories, one can derive a formula. 


A^AEt—iP'-x. I 


d xe 


d ye- 




-)■ 


E — F/pT Z6 — E'pf “t“ xa 
which yields 


< P, k\S\P', k' > (for E E' E^,^k'), (F44) 


k^ 


< 0, k\S\0, k> = -\imE^kyM+ie{E - '—f j dW®* < T(j)k{x)(j)l{0) > 
x{27iy6^^\P -P)S{k-k) 


(F45) 


By remembering the inverse of the reduction in Eq. (F37), 




(F46) 


we obtain, 

M f f 

< 0 , k\S\0,k> = STri—hmE^k^/M+ieiE— — ] / drdrVr'sin(/cr)sin(/cr')G'(£'; r, r') x 

{2Tr)^6^^\P -P)5{k- k), 

G{E;t,v') = i [ dW^*° < T0(r,a:)0t(r',O) > . (F47) 


From Eq. (F28) and (F47), M.{0,k) is given by 

.2\ 2 


M { k‘^\ I 

iM{0,k)=87ri—\imE^k‘2/M+ieiE——j / drdr'rr'sin(fcr)sin(fcr')G'(i7; r, r'), (F48) 
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with the contribution from the free propagation subtracted. 
Finally, with the optical theorem, we obtain 


av{fiR —)■ anything) = 




^2 liraE^k^M+ie {E -— 


. 2 \ 2 


X 


J drdrVr'sin(fcr)sin(fcr')Im r, F) 

G^^(E;r,r') = i J dW^*° < TF^"«(r, x)F^“«(r', 0)^ >, 


where we have denoted the A = {p, ur} dependence explicitly. 


57 


(F49) 


4. Solution of Green’s function 


Let us calculate the Green’s function of the gluino pairs: 


G{E-, r, r') = i / < T0(r, x)(j)^{r', 0) >, 


(F50) 


where we have again omitted indices p, R and ur. From the action of 0 given in Eq. (F36), 
the Green’s function satisfies 


{-J^ + V{r) -E- r,r') = _ r'). 


(F51) 


As we have mentioned, we consider only the s-wave state since it dominantly contributes 


to the annihilation of the gluino. For the s-wave, Eq. (F51) becomes 


^ F -■') = 7^Hr - r'). (F52) 


2'Kr‘^' 


Airr^ 


With 5 f(E;r,r') = 47rrr'G(E;r,r'), Eq. (F52) becomes 


1 

M dr"^ 


+ V{r) -E- ff...|dh) g{E-,ry) = S(r - r'). 


(F53) 


Let us hrst neglect Fani and solve Eq. (F53) analytically. We denote the solution as g 


,( 0 ) 


Fani is taken into account as a perturbation later. For a dimensionless variable x = Mr, 


Eq. (F53) with Fani = 0 is 




(F54) 


57 


Again, note the difference of factor 4 from the formula given in Ref. [14411172] . 
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where (3"^ = E/M and a = —cuas. The solution for Eq. (F54) is expressed as |174j 


9^^^ = f>{x)f<{x)e{x - x) + f<ix)f>{x)e{x' - x), 

^ ---fy^^{x) = 0, 


dx'^ X 

/<( 0 ) = 0 , / 4 ( 0 ) = 1 , />( 0 ) = 1 . 


(F55) 

(F56) 

(F57) 


Note that the function />(x) is not yet hxed. Since /> corresponds to an out going wave 
sourced by the delta function, we put a condition that />(x) contains only an out going 
modes oc at x —)■ cx).®^ Then the solution for /> is given by 


a 


fX^) = r(l-i-)MA. .(-2i/?a:), 

where W is the Whittaker function. For x —>■ oo, />(x) behaves as 
/>(x) ^ 

Zp 


(F58) 


(F59) 


To the hrst order in Tani, 9 is given by 


6{r'‘ 


9 iE-,r,r') ^ g^^\E;r,r') + / drV°H^; r, r", r') 


= f7(0)(F;r,r') +*rani^/>(Mr)/>(Mr') 


M2 


27r 


(F60) 


Let us note subtlety read off from the asymptotic form of the Green’s function. As 


can be seen from Eq. (F59), for x —)■ oo, the Green’s function have a non-trivial phase 


exp[iQ;/(2/3)lnx], in addition to a trivial phase exp{i(3x) which corresponds to free particles. 
This means that our assumption of free incident particles is not good. The non-trivial 
phase appears due to a long-range force mediated by gluons. In thermal bath in the early 
universe, however, gluons obtain their thermal masses and hence the long-range force is 
screened. Thus, the non-trivial phase should vanish once thermal effects are taken into 


account. In the following, we simply drop the non-trivial phase in Eq. (F59). Then, the 


wave function of gluinos at inhnity is simply enhanced (or declined) by a constant A, in 
comparison with the trivial one, />(x —)■ cxD)|a=o = e®^*. 


Technically speaking, this boundary condition is chosen by the ie prescription. If an incoming mode 
exists at X —>■ oo, the Green’s function diverges at infinity due to the small imaginary part in P, Im/3 > 0. 
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5. Annihilation cross section 


We are now at the point to calculate the annihilation cross section of the gluino. From 


Eqs. (F49) and (F60), we obtain 


^ ~ 8 
av{GG —)■ anything) = -r^Fani x Re 

fC 


lim 






where we have omitted indices /i, R. Here, we have subtracted a term proportional to 
which corresponds a scattering between gluinos. 

Let us evaluate the factor in the parenthesis. Note that the factor vanishes unless the 
integration diverges. Thus, we may replace the integrand with its asymptotic form for 


a: —>■ oo given in Eq. (F59). Observing that 
lim.E^k'^/M+ie ( E 

we hnd 


^2 \ /-oo T 

-)/ dxAn(-x)e'l‘-= k. 


av{GG —)• anything) = 8FaniRe[A^]. 


(F62) 


(F63) 


The cross section given in Eq. (F63) includes not only the annihilation into gluons and 


quarks, but also includes the scattering into a pair of gluinos. Let us extract the former 
contribution in a intuitive way. As we have mentioned, the factor A expresses the enhance¬ 
ment (or decline) of the wave function of gluinos by a constant, />(x —)■ oo) = The 

factor A would enter the annihilation amplitude simply as a multiplication factor. Then, 
the annihilation cross section into gluinos and quarks is given by 


av{GG GG, qq) = 8Fani|A|2. 


(F64) 


In the end, we obtain 

= 8F^;^ 

c«<0 


^ Mkt 2TTCRas,Rlv 

Exp{27rcRas,R/v) - 1 


(F65) 


(for V -C 2'K\cR\as,R) 


0 cr > 0. 

Here, Us^r is the fine structure constant of the QCD evaluated at the scale g,R which is 


determined by lEEl 


fJ'R — -^|c_R|a!3(/iij). 


(F66) 
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FIG. 11: Enhancement factor avtot/(yvtot,tree- 


A spin and color averaged annihilation total annihilation cross section is given by 
1 




64 X 4 


[1 X av (0,1) + 8 X an (0, 85 ) + 27 x an (0, 27) + 8 x 3 x an (i, 8 ^)] 


8l7ras,8 ^«s,uv IStt 


X 


^^tot,tree5 


(F67) 


16 n 7 n 

where antot.tree = 637rQ;^uv/(32Af^). Here, we have used the approximation that ~ 
and neglected the contribution from 27 representation. This approximation induces only an 


error of one percent. In Fig. 11, we show the enhancement factor antot/c’‘Aot,tree- 


Appendix G: Wino annihilation cross sections 

Here, we summarize annihilation cross sections of the wino. As already mentioned in 
main text, there are six annihilation modes: , W^W~, and W^W^. Initial 

states of and form only spin -0 states, while those of other modes form both 

spin-0 and spin-1 states. Below, we carefully present the cross sections in each mode . 
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1. W W annihilation 


Since this is the annihilation between identical particles, its initial sate forms only a spin-0 
state, and it annihilates into W~W~ pair. The cross section shown here can also be applied 
to its conjugate case, namely W~^W~^ —)■ 


£70^1 


ww = 


dvroo 

Mf 


1 - 


m 


w 




3/2 


1 - 


m- 


IV 


2 M| 


-2 


(Gl) 


2. W^W annihilations 

Cross sections presented here can also be applied their conjugate cases. When the initial 
state forms a spin-0 state, it annihilates into W~ Z and W~'y. 


aov\ 


wz = 


27ra^% 

M| 


1 - 


2 M| 


-f 


m 


w 


-mlY 


16M| 


-1 3/2 

9 9 ■ 


4M2 


-2 


(T0V\W'^ = 


M| 


1 _ 


2M| 


-f 


m 


w 


16M|j 


3/2 


2 "I —^ 

1 _ 

4M| 


(G2) 

(G3) 


On the other hand, when the initial state forms a spin-1 state, it annihilates into //', 
W~h, and W~Z. Those cross sections are given as follows. Below, we only show the cross 
section of W^W~ —)■ e~P as a representative of W^W~ —)■ //'. 




<^0v\wh = 


Tra. 


2 r 


3M| L 
12M| L 


_ ^ ^ 
4M|j 




4M|j 


1 I ^ 

8 M|j 


4M|j 


1 + 


- rnl 
4M| 


+ 2 ^ 


(^ov\ 


wz = 


1 - 


12M| 


72 


2M| 


-f 


m 


w 


-^ly 


16M| 


1/2 


1 - 


72 

w 


2 M 2 


-f 


m 




-ml)^ 


16M| 


3/2 


1 - 


4M2 


-2 



-2 r 

4M2_ 



^ 5 m| 10m^m| 


Ml 


16M| 


(G4) 


(G5) 


(G6) 
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3. annihilation 


Since the neutral wino is a Majorana particle, its initial state forms only a spin-0 state. 
A pair of the neutral wino annihilates only into W^W~. 


(yQV\ww = 


Sttoo 

w 


1 - 


m 


w 




3/2 


1 - 


m- 


IV 


2 M|j 


-2 


(G7) 


4. W~^W annihilations 


When the initial state forms a spin-0 state, it annihilates into 77 , W~^W , ZZ, and Zj. 
Corresponding cross sections of these annihilation channels are as follows: 




aQv\ 


ww = 


Mi 

27ra2 

w 


1 _ 

M| 


3/2 


2 "I —^ 

1_ 


2 M|j 


o'or’Izz = 


2 "I 3/2 r 


^ov\z'^ — 


M 2 

M 2 


1 - 


Mfj 


1 - 


m 


2 1-2 


2 M 2 j 


1_ 


2 M 2 


+ 


ml 


4 1 3/2 r 


16M|j 


_ ^ 
4 M 2 j 


(G8) 

(G9) 

(GIO) 

(Gil) 


On the other hand, when the initial state forms a spin-1 state, it annihilates into W^W , 
Zh, and //. Below, Qf and Is/ denote electric charge and SU{2)l charge respectively, while 
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kf is defined as kf = M 2 [l — 


aov\ 


ww = 


TT 0^2 

12 M 


r ^2 1 

3/2 

r ^2 1 

-2 

r ^2 1 

1 


1 


1 

[ Ml J 


2 M 2 _ 


4 M 2 _ 


-2 


(^ov\zh = 


1 - 


12 M| L 


rriy — m 


w 


2 M| 

_ m| 

4M|j 


1 + 


5m 


M| 


VK ^ruw 
4M|j 
2\ 2 


1 + 


^ m| + m| , {ml-ml) 

-L _ , ~F 


m^ — m 
4M| 


211/2 


my 

+ 2 tJ 

M| 


2M| 


vral kf 
~ QMIW 2 


16M| 

A -2 \ 


-1 




-2 


Wh^Q/ (Is/ - 24Q/) (^3 - (^1 - 

+4 (s^Q/ - hfSwQ + 4|j/2) ^3 - 


- 2 ' 


(G12) 


(G13) 


(G14) 


5. Mixing between and W~^W 

Since and the spin-0 state of W~^W~ have the same quantum number, they are 

mixed each other. In order to evaluate the Sommerfeld factor for the states, we have to 
calculate the imaginary part of the transition amplitude between and W^W~. As 

can be easily understood from the interaction of the neutral wino, the intermediate state of 
the amplitude is the W boson pair, which is evaluated as 

2TTa\ 


1 - 


m 


w 


m 2 


0/ ^ 


1 - 


m 


w 


2 M 2 


(G15) 
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